LiMosOno: Polar Crystal Structure with Infinite Edge-Sharing Molybdenum Octahedra
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ABSTRACT

Polycrystalline LiMosO1 was prepared in a sealed Mo crucible at 1380 °C for 48 h using the
conventional high-temperature solid-state method. The polar tetragonal crystal structure (space group
I41md) is confirmed based on the Rietveld refinement of powder neutron diffraction and 7Li/Li solid-
state NMR. The crystal structure features infinite chains of Mo4Os (i.e. M02M042062063) as a repeat
unit containing edge-sharing Mos octahedra with strong Mo-Mo metal bonding along the chain. X-
ray absorption near-edge spectroscopy of the Mo-Ls edge is consistent with the formal Mo
valence/configuration. Magnetic measurements reveal that LiMosO is paramagnetic down to 1.8 K.
Temperature-dependent resistivity [p(T)] measurement indicates a semiconducting behavior that can
be fitted with Mott’s variable range hopping conduction mechanism in the temperature range of 215
and 45 K. The p(T) curve exhibits an exponential increase below 5 K with a large ratio of p; g/p3g0 =
435. LiMosO1 shows a negative field-dependent magnetoresistance between 2 and 25 K. Heat capacity
measurement fitted with the modified Debye model yields the Debye temperature of 365 K.

INTRODUCTION

Ternary alkali metal molybdenum oxides (also known as molybdenum bronzes), AxMoyO: (A =Li, Na,
K, Rb, Cs), are a fascinating family with unique and complex crystal structure features and exhibit
exotic physical properties. For example, quasi-2D purple bronzes AosMosO17 (A = Li, Na, K) with
layers of corner-sharing MoOs octahedra and MoOs tetrahedra exhibit anisotropic resistivity (e.g.,
0.003 Q-cm and 0.21 Q-cm at room temperature along with the plate axis and perpendicularly to that
axis in NaosMosO17).! NaosMosO17 and KosMosO17 show metallic behavior from room temperature to
88 K and 120 K, respectively, at which charge density wave-like transition occurs.! Quasi-1D (infinite
chains of corner-sharing MoOs octahedra) blue bronzes AosMoOs (A = K, Rb, space group C2/m)
exhibit a similar metal-to-insulator/semiconductor Peierls transition.? LiosMosO17 (P21/m) exhibits
quasi-1D metallic behavior and an interesting exponential increase in resistivity between ~24 and 2 K
(a possible metal-to-insulator transition related to dimensional crossover), attains a superconducting



state below 1.8 K, and manifests a large magnetoresistance just above the superconducting transition
temperature.>*

In addition to the quasi-1D/2D corner-sharing octahedral (MoOs) and tetrahedral (MoOs) chains
in AosMosO17 (A = Li, Na, K) compounds, there is yet another interesting structural feature in
ternary/quaternary molybdenum oxides. They have infinite chains of M04Oy cluster units containing
condensed edge-sharing Mos octahedra with Mo-Mo metal bonding. Reported examples include
AMo4Os (A = Na, K, In, Sn; space group P4/mbm),>678 ScorsZn12sMo4O7 (space group Imam) and
isostructural TiosZni1sMo4O7,° GaMgMo4O7, and FeaM04O7,'° AMosOw (A = Li, Zn; space group
I41md),"! ReMosO11 (R =Y, Nd, Sm-Tm; space group Pbam),'? and Mni1.sMosOu1 (space group P2i/a,
P21/n).131* The metallic behavior in AMo04Os (A = Na, In) and Mni15MosO11,%151% and the metal-to-
insulator transition in AMo04Os (A = K, 5n),31617 have been attributed to the infinite Mo-Mo bonding
chains in the crystal structure. Among these reported compounds, AMo04Os (A =Na, K) and LiMosOno
belong to ternary alkali metal molybdenum oxides, and LiMosO1ois the only one that adopts a polar
space group. LiMosOno crystallizes with the tetragonal crystal structure in space group I41md, featuring
infinite chains of Mo4Os repeating units containing edge-sharing Mos octahedra that extend along the
tetragonal a and b axes (Figure 1).!118 The strong Mo-Mo bonding along the chains is likely to give rise
to a metallic behavior. As the polarity and metallic behavior are reported only in a few oxides,” the
possible metallic behavior of LiMosO1 makes it a prime candidate of a rare and interesting polar
metallic oxide yet to be studied. Another exciting feature of LiMosOo is the low valence state of Mo
due to the high concentration of Mo in the formula unit.!! Up to now, the valence state of Mo and the
physical properties of this compound remain unknown.

To investigate the physical properties and elucidate the nature of electrical conductivity of
LiMosOno as a candidate for polar metallic oxides, we prepared polycrystalline LiMosO10 samples with
the high-temperature solid-state method. We used neutron powder diffraction data to refine the
crystal structure, X-ray absorption near-edge spectroscopy to reveal the valence state of Mo, and
performed a detailed study of the magnetic, electrical, and thermal properties. We also performed the
first-principle density functional theory calculations to study the electronic structure.

EXPERIMENTAL SECTION

Starting Materials and Synthesis. Polycrystalline LiMosO1 samples were prepared by the solid-state
reaction at high temperature with the starting reagents Li2MoOs, MoOs, and Mo, all in powder form.
The precursor Li2MoOs molybdate was synthesized by heating the mixture of MoOs (99.95% mass
fraction, CERAC) and Li2COs (99.9% mass fraction, CERAC) with an equal molar ratio in an alumina
crucible at 600 °C in air for 12 h. MoOs and Li2COs were used as received. Mo powder (99.9% mass
fraction, CERAC) was additionally purified by heating under a flow of hydrogen gas at 1000 °C for 6
h. The stoichiometric mixture of Li2MoOs, M0QOs, and Mo was finely ground, pressed into a pellet
(about 4 g), and finally loaded into a molybdenum crucible which was previously degassed at about
1500 °C for 15 minutes under a dynamic vacuum (~ 10~ Torr). The molybdenum crucible was then
sealed under low argon pressure using a homemade arc-welding system. The sealed crucible was
heated in a graphite resistance furnace at a heating rate of 300 °C/h up to 1380 °C and was maintained
at the same temperature for 48 h. The sealed crucible was then cooled at a rate of 100 °C/h down to
1100 °C, at which the furnace was turned off and allowed to cool to room temperature. A dense pellet



(diameter = 3 mm) was prepared for physical properties measurements by pressing prepared
polycrystalline powders at 400 °C for 6 h under 4 GPa with a Walker-type high-pressure instrument.

X-ray and Neutron Powder Diffraction. The X-ray powder diffraction analyses for the prepared
Li2Mo0Os and LiMosO10 samples were performed using a D8 Bruker Advance diffractometer equipped
with a LynxEye detector (CuKai) operating at 40 kV and 40 mA. The X-ray powder diffraction of the
final product shows that the predominant phase is LiM0sO1o, with MoO:z and Mo as small impurities
(Figure S1). Neutron powder diffraction (NPD) data were collected at 300 K using the Powder
Diffractometer POWGEN at the Spallation Neutron Source,?’ Oak Ridge National Laboratory. A
neutron band with a center wavelength of 0.8 A high-resolution setting was used to collect the data
with a broad d coverage of 0.16-7.5 A. Rietveld refinements of the NPD data were carried out with the
suite of FullProf programs.?!

Chemical Analysis. Elemental analysis of polycrystalline LiMo0sO1 sample was performed with a
JEOL scanning electron microscopy (SEM), JSM-IT500HRLV SEM, with the accessory of Octane Elect
Plus energy-dispersive X-ray (EDX) spectroscopy system and AOPEX Advanced software. The SEM
images were collected with an accelerating voltage of 15 kV.

X-ray Absorption Near-Edge Spectroscopy (XANES). The Mo-Ls edge XANES of LiMosOw were
collected at beamline 7-ID-2 SST-2 using a Si-111 monochromator at the National Synchrotron Light
Source II (NSLS-II), Brookhaven National Laboratory. The measurements were performed in the total
electron yield mode. Measurements were made with MoOs and Li2MoOs simultaneous standards for
precision energy calibration. Standard polynomial background and post-edge normalization to unity
were used in the analysis.

Solid-State 7Li and °Li NMR. The 7Li and °Li magic-angle spinning (MAS) NMR spectra of
polycrystalline LiMo0sOno, LiCl, and Li2O were measured at 298 and 238 K on a Bruker 500WB AVIII
HD solid-state NMR spectrometer (11.74 T) equipped with 2.5 mm HXY and 4 mm HXY Bruker probes.
A single-pulse experiment and spin-echo pulse sequences were applied with 90 pulses of 3.0 pus and
4.5 us and MAS spinning speeds of 25 kHz and 14 kHz for the 2.5 mm and 4 mm probes, respectively.
The operating Larmor frequencies of °Li and 7Li were 73.63 MHz and 194.45 MHz, respectively. A
recycle delay time of 10-30 s was used. The chemical shift was referenced to LiCl(s) at 1.1 ppm with
respect to aqueous LiCl.

Physical Properties. Magnetic susceptibility measurements were performed on a polycrystalline
LiMosO10 sample with a Quantum Design superconducting quantum interference device (SQUID)
MPMS magnetometer. Field-cooled (FC) protocol was used to measure magnetic susceptibility
between 1.8 and 300 K with the external magnetic field (B) of 0.1 T. The electrical resistivity and heat
capacity were measured on two separate pieces of the same dense pellet (density > 91 %) using a
Quantum Design Dynacool Physical Property Measurement System. A four-probe method was used
to measure resistivity and magnetoresistance by attaching 25 um Pt wires using Epotek H20E silver
epoxy. Isothermal magnetoresistance data were collected between 2 and 30 K using B up to + 9 T.
Magnetoresistance data were symmetrized about B =0T to account for the small misalignment of the
voltage leads.



First-Principle Calculations. The first principle calculations were carried out with the all-electron full-
potential linearized augmented plane-wave (FLAPW) method implemented in the WIEN2k software
package.22 The experimental crystal structure was adopted for the calculations. The calculations were
set up using the generalized gradient approximation (GGA) with the on-site Coulomb repulsion U for
5 eV at Mo d orbitals.

RESULTS AND DISCUSSION

Synthesis and Crystal Structure. The preparation of LiMosO1w adopts the high-temperature solid-
state method with similar conditions used in the previous report.’® The X-ray powder diffraction
analysis of the prepared sample indicates a successful synthesis of the primary phase LiMosO10 with
additional small impurities of MoO2 and Mo present (Figure S1). The obtained phase is consistent with
the reported tetragonal crystal structure with the polar space group [41mad.
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Figure 1. Projected view of the Mo connection (a), the crystal structure of LiMosO1o along the a axis (b), corresponding
Mo1-O1-Mo2 connection in the ab plane (c) and (d), and “MoeOr2” cluster unit (f).

In the crystal structure, strong Mo-Mo covalent bonds form Mos octahedra that contain two waist
Mol and Mo2, and one apical Mo3 and one Mo4 atoms. The Mos octahedra are edge-shared via Mol-
Mol and Mo2-Mo2 bonds and form infinite chains along the a and b axis, respectively (Figure 1a, c,
d). The infinite chains of cluster units provide channels for strong metal-metal bonding, which
indicates the potential metallic behavior in LiMosOno. The individual chains are linked by Mo1-O1-
Mo2 bonds and form layers. The structure features layers of edge-sharing Mos octahedra chains
stacking along the crystallographic c axis. The parallel edge-sharing Mos octahedra chain extends
along the a axis in one layer and then rotates 90° (along the b axis) in the adjacent layer in a crosswise
layout connected by the shared O4 and O5 atoms. The special layout of the Mos octahedra chain in the
crystal structure of LiMosOuw is different from the parallel feature of the Mos octahedra chain in
AMo04Os (A =Na, K, In, Sn),>078 Sco.75Zn1.2sM0407,° RaM 04011, and Mn15sMo0gO11.1314 The Mos octahedra
are coordinated with twelve O atoms above corners and free edges and form a “MosO12” cluster
(Figure 1f). Considering the shared O and Mo atoms together, the connective formula is
Mo2Mo04206206/3 (leading to a “Mo4O5” unit). Consequently, the cluster unit in chains could be



described as two repeated Mo4Os subunits in the formula Li(M04Os)(M04Os). Each Li atom coordinates
with four O (O2 and O3) atoms and those formed LiO4 tetrahedra locate between the layers, which
connects all clusters as a whole crystal structure (Figure 1b).
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Figure 2. Rietveld refinement of NPD (300 K) of LiMosOuw (space group [41mb) with observed data (red), calculated
pattern (black), the difference between the observed and calculated patterns (blue), and Bragg peak positions (green)
of LiMosOu, Mo, and MoQOs.

Because neutrons are more sensitive to light elements (Li and O) than X-rays, we used NPD to
refine the crystal structure. The NPD data were collected at room temperature, and Rietveld
refinements of the NPD data (Figure 2) were carried out using the reported tetragonal crystal structure
(space group I4imd) as the starting model. The experimental NPD pattern can be fitted with the
primary LiMosO1o phase (mass % = 93.2 %), a small amount of impurity Mo (mass % = 3.5 %), and
MoO:2 (mass % = 3.3 %). Selected refined structural parameters of the major phase are given in Tables
1 and 2. The refined unit cell parameters are a = b = 5.84503(5) A, c=24.7558(3) A, V = 845.77(1) A3,
which are close to the reported values, a=b =5.8515(6) A, c=24.783(3) A, V=848.6(2) A3.* The refined
atomic positions are also close to the reported values.*

As shown in Figure le, each Mos octahedra contains twelve Mo-Mo bonds, and the refined bond
distance ranges from 2.678 A to 2.925 A (Table 2, Figure 3). The averaged Mo-Mo bond distance is 2.81
A, which is close to that (2.809 A) of isostructural ZnMosOuw,"! and other compounds (2.803 A in
NaMo4Oe, '8 2.799 A in Sco7sZni2sMosO7,° 2.790 A in Mn1sMosOn,'8 2.80 A in RiMosOn1'2) containing
the infinite edge-sharing Mos octahedra. Because of the seven different Mo-Mo bond distances (Mo1-
Mol, Mol-Mo2, Mo1-Mo3, Mo1-Mo4, Mo2-Mo2, Mo2-Mo3, Mo2-Mo4), the Mos octahedra is highly
distorted. In the Mos octahedra, the bond distances between waist Mol and Mo2 atoms are different
(Mo1-Mol =2.678 A, Mo2-Mo2 = 2.740 A, Mo1-Mo2 =2.925 A), and the angles of Mo2-Mo2-Mo1 and
Mo1-Mo2-Mo2 are 89.4° and 90.6°, respectively (Figure 3b). Inside the chain, each Mos octahedra is
connected by two Mos octahedra via trans edge-sharing Mo1-Mol and Mo2-Mo2 bonds on both sides
with different tilting angles, so the chain (with a slightly tilted basal plane) can be viewed as a repeated
unit of two edge-sharing Mos octahedra.

Because of the distorted Mos octahedra and the non-centrosymmetric distribution of Mos
octahedra, this compound adopts a polar crystal structure, which is different from other
centrosymmetric compounds featuring chains of edge-sharing Mos octahedra.!® The two edge-sharing
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tilted Mos octahedra result in alternate short and long Mo-Mo distance between the apical Mo3 (Mo3-
Mo3 =2.858 A, 2.987 A) and Mo4 (Mo4-Mo4 = 2.636 A, 3.209 A) atoms of two neighboring octahedra
along the chain (Figure 3a). The long Mo-Mo distances are non-bonding, resulting in short alternated
Mo3-Mo3 (2.858 A) and Mo4-Mo4 (2.636 A) bonds that connect Mos octahedra within the chain. This
pairwise distortion between apical Mo atoms is also observed in isostructural ZnMosOio,!! and
R4Mo040O11,2 Mn1.sMosO11,1% Sco.75Zn1.2sM0407° compounds featuring infinite chains of edge-sharing Mos
octahedra. One exception is the AM04Os (A = Na, K, In, Sn; space group P4/mbm) crystal structure,>57:8
which contains undistorted chains of Mo4Oes units.

Considering all O atoms connected to Mos octahedra, the infinite chains can be viewed as a
repeated unit of two Mo4Os clusters. The refined twelve Mo-O bond distances range from 2.009 A to
2.16 A (Table 2), which are close to the Mo-O bond distances (2.01 -2.067 A) in NaMo04Os,? and other
Mo-containing compounds which contains edge-sharing Mos octahedra in the crystal structure.®812
The bond strength (s) expressed in the valence unit of Mo-O can be calculated according to the
equation s(Mo-O) = [d(Mo-0)/1.882]%,2>2* where 1.882 A is the Mo-O single bond distance, and the
exponential parameter -6 corresponds to the value characteristic of the Mo atom. Based on the Mo-O
bond distances, s(Mo-O) can be calculated for each Mo atom, and the bond valence sum (v) of each
Mo atom can be derived using the equation, v = Xs(Mo-O). The calculated v are 2.16, 2.05, 2.74, and
2.75 (average 2.43) for Mol, Mo2, Mo3, and Mo4, respectively. The metal-centered electrons (MCE)
that are available for Mo-Mo bonding per Mo« unit are calculated to be 14.3 e~ (4x6-2.16-2.05-2.74-2.75)
based on the v of Mo atoms, which is close to the MCE value of 14.5 e [4x6-4%(10%2-1x1)/8] according
to the formula LiMosO. Previous summary and analysis of similar compounds predicted that the
distortion occured due to electrons occupying antibonding bands in crystal structures with MCE > 13
e.%2 This is also the case in LiMosO1o, where strong distortion is shown in the cluster. Higher MCE
values also cause additional distortion to the structure. The distorted Mos octahedra in LiMosO1o are
very similar to that in the RsMosOu1 (R = Y, Nd, Sm-Tm),"? but LiMosO1w contains two pairs of
short/long apical Mo-Mo bonding along the chain, while RsMo04O11 only includes one pair, which
makes the LiM0sO10 more distorted. From the perspective of MCE values, the calculated MCE (14.3 ¢°)
of LiMosOuois larger than that of RiMo04O11(13.9-14.1 )12 suggesting a more distorted crystal structure
as well.

Table 1. Selected Structural Parameters of Rietveld Refinement of LiMosOno.

sample LiMosO1o
temperature 300 K
mol. wt., g/mol 934.62
density (calculated), 7339
g/cm3
neutron source T.O.F
space group, # I4imd, # 109
Z 4
a="b="5.84503(5) A,
lattice parameters ¢ =24.7558(2) A,
V=845.77(1) A3
Rietveld criteria of Rp=4.57 %, Rwp=3.56 %,
fite Rr=8.33 %




site Wyckott XY z B
symbol
Lil 4a 0.5,0.5, 0.126(2) 1.0(1)
Mol 8b 0.5, 0.2291(5), 0 0.43(3)
Mo2 8b 0, 0.2344(6), 0.0044(1) 0.27(3)
Mo3 8b 0, 0.2445(6), 0.3293(2) 0.65(4)
Mo4 8b 0, 0.2746(5), 0.1765(2) 0.23(2)
01 8b 0.5, 0.2434(8), 0.25 0.41(3)
02 8b 0.5, 0.2427(7), 0.0822(3) | 0.59(5)
03 8b 0.5, 0.2374(8), 0.4235(2) | 0.51(5)
04 8b 0, 0.2530(9), 0.0895(3) 0.89(8)
05 8b 0, 0.2707(8), 0.4168(3) 0.45(6)

Table 2. Selected Bond Distances in LiMosOno.

Mo-Mo Mo-O/Li-O

distances (A) distances (A)
Mo1-Mol 2678(4)  Mol-O1(x2)  2.129(4)
Mo1-Mo2 (x2) 2.925(1) Mo1-O2 2.036(7)
Mo1-Mo3 (x2) 2.773(4) Mo1-05 2.059(7)
Mol-Mo4 (x2) 2770(4)  Mo2-O1(x2)  2.161(4)
Mo2-Mo2 2.740(5) Mo2-03 2.009(6)
Mo2-Mo3 (x2) 2.747(5) Mo2-O4 2.110(8)
Mo2-Mo4 (x2) 2707(5)  Mo3-02(x2)  2.015(4)
Mo3-Mo3 2.858(5) Mo3-O4 (x2)  2.117(5)
Mo3-Mo3 2.987(5) Mo3-05 2.172(9)
Mo4-Mo4 2.636(4) Mo4-03 (x2)  2.025(4)
Mo4-Mo4 3.209(4) Mo4-O4 2.158(9)
Mo3-Mo4 (x4)? 3.256(6) Mo4-O5 (x2) 2.104(4)
Mo1-Mo1» 3.167(4) Li-O3 (x2) 1.82(3)
Mo2-Mo2: 3.105(5) Li-02 (x2) 1.85(3)

a: Interchain distance
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Figure 3. Mo-Mo bond distances and angles within the Mos octahedra chain in the bc (a) and ab plane (b).

Chemical Analysis. The prepared polycrystalline sample was examined by the SEM-EDX
measurement. The SEM images indicate the particles to be polyhedral in shape and less than 10 pm

in size (Figure 4a). Elemental mapping on the surface of polyhedrons confirms the Mo and O elements
in the structure, but Li is too light to be detected using this technique (Figure 4b, 4c). Overall, the Mo
and O elements are homogeneously distributed through the polyhedron with two small areas with



different concentrations, which probably correspond to the small amount of impurity seen as white
dots on the polyhedron in the SEM image (Figure 4a). The obtained molar ratio of the Mo:O ratio is

8.0:9.6, which supports the expected ratio of 8:10 according to the formula LiMosOno.
O(Ka)

Figure 4. SEM image (a) and EDX mapping of Mo (b) and O elements (c) of LiMosOno particles.
Solid-State "Li and °Li NMR. To confirm the existence of Li elements and study the local coordination

environment of Li atoms in the crystal structure, solid-state ’Li and °Li NMR were conducted using
LiCl and Li2O as the reference compounds. Both 7Li and °Li MAS NMR spectra collected at room
temperature show obvious peaks at 13.00 ppm and 12.99 ppm, respectively (Figure 5). The ’Li NMR
spectrum shows broader peaks than that of °Li due to larger quadrupolar interaction. The °Li NMR
spectra are dominated by chemical shift effects, which make them potentially more useful for
providing structural information because their chemical shift more closely approximates the isotropic
chemical shift.

() [Li-MAS at 14 kHz —Li,0 (b) [7Li-MAS at 25 kHz  13.00 ppm 12.70 ppm
~
—LiCl ”
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C —
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PP 208K
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Figure 5. (a) °Li MAS NMR at 298 K (a) and (b) "Li-MAS NMR of LiMosOuo at 298 and 238 K.

Comparing the coordination environment of Li in the crystal structure of the LiCl and Li2O
references, Li atoms are located in the octahedral site within LiCl, while Li atoms occupy both the
octahedral and tetrahedral sites within Li2O. The systematic decrease observed in the °Li chemical
shift from LiMosOuo to Li2O and LiCl corresponds with an increasing coordination environment that
resulted from increased shielding, which can be described by a linear relationship.?” The °Li chemical
shift of LiMosO1o indicates the tetrahedral environment of Li atoms, as shown in the crystal structure
Figure 1b. To check the Li mobility, we also collected ’Li MAS NMR spectra at 238 K. In comparison to
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the main resonance at 13.00 ppm obtained at 298 K, a sharper peak occurs at 12.70 ppm at 238 K. The
main resonance shift indicates the change of distribution under a similar coordination environment.
The broadening effect of resonances at a higher temperature suggests wider distribution due to higher
mobility.

X-ray Absorption Near-Edge Spectroscopy (XANES). Figure 6 shows XANES measurements of the
Mo-Ls edges of LiMosO1o and a series of oxide standards with differing valances/configurations: MoOs
(Mo®, d%), SrFeosMo0503 (Mo*, d'), Sm2Mo207 (Mo*, d?), MoO2 (Mo*, d?), and elemental Mo (Mo?, d°).
The intense near-edge “white line” (WL) features in the spectra are due to dipole transitions from the
2p core level into empty 44 final states.?$2%303132 The characteristic chemical shift of the absorption edge
to higher energy with increasing valence can be seen in Figure 6 by the systematic shift to the higher
energy of the centrum of the WL feature with increasing Mo-valence. 26293031323334 The ]oss of screening
(an increase of binding energy) with increasing valence is typically invoked for such chemical shift
trends. 3¢ The strong splitting of the oxide spectra due to ligand field and band structure effects can
complicate the evaluation of the WL chemical shift.?$?%3132 The first moment of the near edge, Em, as
defined in equation (1), has been used to estimate the relative chemical shifts of XANES spectra with
strong spectral features.3>3 In applying this method to estimate the relative WL chemical shifts of the
spectra in Figure 6, the low energy integration limit, EL = 2516 eV (well below the edge) was used.
Following the analysis performed in the Re-containing compounds,3 the high energy limit was chosen
as the energy where the post-edge absorption coefficient fell below absorption coefficient p = 1.5
(Figure 6).
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Figure 6. The Mo-Ls near edges of LiMosO1o and a series of standard Mo-containing compounds. The horizontal line at
pu = 1.5 indicates the cutoff energy for integrating the first moment (Em) of the WL feature to estimate the
valence/configuration chemical shift.

In Figure 7, the WL-feature moments for all of the spectra are plotted versus their formal 4d-counts
and fitted to a straight line. There are two points that should be noted. First, the d-count dominance
in the chemical shift has been tacitly assumed since the 4d° configuration is common to both Mo? (4d>
5s') and Mo* (4d°5s°). This assumption is partially justified by the quadratic chemical shift vs. valence
relation found in some theoretical and experimental treatments of the Mo-shift, which flattens in the
sub-Mo?" range.?! Second, due to the shortage of Mo?* and Mo!* standards, the formal LiMosOo



configuration of Mo%*¥* (4d36®) was included in the linear fit. With these caveats, the observed
chemical shift of LiMosOw can be viewed as consistent with its formally expected
valence/configuration. Although such consistency is encouraging, the Mo-Mo bonding would be
expected to play a strong role in this material requiring considerations well beyond formal valence.

Formal Mo Valence
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Figure 7. The Mo-Ls edge WL chemical, as estimated by the first moment WL energies, plotted vs. the formal Mo d-
count (lower scale) and the formal valence (upper scale). The solid line is a linear fit to all of the data as a test of
consistency.

Physical Properties.
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Figure 8. Temperature-dependent FC magnetic susceptibility of LiMosO1w with an applied magnetic field of 0.1 T.
Inset shows the plot of (y— ¥o)! vs. T. Red line is the straight line fit to the data.

Magnetic properties were investigated on a LiMosOw powder sample. Temperature-dependent FC
magnetic susceptibility (y) data were collected between 1.8 and 300 K (Figure 8), which indicates that
LiMosOno is paramagnetic in this temperature range. Inverse susceptibility corrected for a small
diamagnetic contribution ()= 2.72 x 10° emu/mol) is almost linear in the entire temperature range
below 275 K as depicted in the inset of Figure 8. Fitting the data between 70-250 K with the modified
Curie-Weiss law, y = 1o+ C/ (T- Bw), yields the Weiss temperature Gw=- 10 K, and effective magnetic
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moment (petf = 0.12 ps/f.u) given by V8C, where C is the Curie constant. The obtained values of the %,
and C are close to those in Rb1sMo0sO16.*> The absence of magnetic ordering of Mo ions in LiMosO1o
has also been observed in related compounds with strong Mo-Mo bonding, such as RiMo4O1u1 (R =Y,
Nd, Sm-Tm),'2 RaMo01sOs2 (R=Y, Gd, Tb, Ho),% and BasM018O2s.3”

The temperature-dependent resistivity measurement of LiM0sO10 was performed on a dense pellet
that was prepared at 400 °C and 4 GPa. At 300 K, the resistivity (pzgo) is 0.0017 Q-m, and it increases
slowly to 0.019 Q-m at 75 K and 0.048 'm at 50 K, but starts increasing exponentially below 50 K and
reaches 0.74 Qm at 1.8 K (Figure 9). Compared to the resistivity at 300 K, the resistivity at 1.8 K
increases by a factor (p; g/p300) of 435, which is a rare and exponential change. Lio.sMosO17 also exhibits
an exponential increase below ~ 24 K, but with a relatively small p; g/p3¢0 (~ 5) ratio. * This compound
undergoes a superconducting state below 1.8 K.* The abnormal increase of resistivity of LiMosOo
below 50 K requires further study to understand whether this is a simple insulator (semiconductor)
or it also becomes superconducting at lower temperatures as observed in LiosMosO17. The decreasing
resistivity at high temperatures may be due to the localized carrier hopping amongst the nearest
neighbor localized states. The resistivity data can be described with the Mott’s variable range hopping
(VRH) conduction mechanism for three-dimensional conductance in the temperature ranges of 215-
45 K with equation p = p,exp[(T,/T)"*],*® where the preexponential factor (p,) is the temperature-
dependent resistivity parameter and Tois the characteristic temperature, which is associated with the
electronic density of states at the Fermi level and the localization length of the carrier.

The semiconducting behavior is in contrast to the expected metallic behavior based on the strong
infinite Mo-Mo bonding, which has been observed in AMosOs (A = Na, In) and MnisMosOu
compounds with similar edge-sharing Mos octahedra feature.”!>* However, the metal-to-insulator
transition occurs at 118-120 K and 50 K for KM04Os and SnM04Os, respectively.8167 RiMo1sOs2 (R=,
Gd-Yb) with Moz, Mos, and Mos clusters also shows a metal-to-insulator transition in the range of 70-
120 K.3¢ The semiconducting behavior is also reasonable considering that there are Mo-O-Mo bonding
between chains and O-Li-O bonding between layers in addition to the strong Mo-Mo bonding within
the infinite chains of Mo4Os clusters. The semiconducting behavior has also been reported in RaMo4On
(R =Y, Nd, Sm-Tm) with infinite edge-sharing Mos octahedra,'? BasMo1sO2s containing four edge-
sharing Mos octahedra,® and Cas4sMo1sOs2 featuring Mo, Moz, and Mo clusters chains.’®

0.75 |
215 K-45K
0.60- N
— Q
£ 0.45- S .l
G
0-0'30 ’ -6 O data
e fit
0.15 0.25 030 0.35 0.40
T-1t‘4 (K—11‘4)
0.00 -

50 100 150 200 250
T (K)

Figure 9. Temperature-dependent resistivity of LiMosO1o from 300 K to 1.8 K with the plot of In(p) vs. T-/# (inset).
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The field-dependent magnetoresistance (MR) of LiMosOw was measured between 2 and 30 K
(Figure 10). The MR is calculated with the definition MR = [(pp - por)/por] X100 %, where pp and pyr
are the resistivity measured with applied magnetic field B and B = 0 T, respectively. At 2 K, the MR
shows negative values, and the absolute value starts increasing with increasing magnetic field and
reaches the maximum value of 10.2 % at 9 T. A similar negative MR trend remains between 2 and 25
K, and the magnitude decreases as the temperature increases. This is the first example of negative MR
among the ternary molybdenum oxides with infinite Moe octahedra. The negative MR at lower
temperatures is intriguing, especially as it appears in the paramagnetic state. Usually, the MR is
positive in a non-magnetic material. In magnetic materials, the negative MR usually appears due to
suppression of the spin fluctuation by the external magnetic field, and the effect becomes maximum
close to the magnetic transition temperature. The negative MR in LiMosO1o thus may be an indication
that there is a magnetic ordering just below 1.8 K (the lowest temperature we could measure), or that
this material has a strong spin fluctuation that is suppressing the magnetic ordering. What makes it
more interesting is that a similar negative MR has been reported in LiosMosO17 (for magnetic field
applied along the crystallographic b axis) just above the superconductivity transition temperature at
1.8 K,* which has been attributed to the suppression of the fluctuations associated with the nearby
superconductivity by the magnetic field. Thus, it is also likely that LiMosOwn becomes a
superconductor at lower temperatures and requires further study.

-6 -3

0 3
B (T)
Figure 10. Field-dependent MR of LiMosO10 measured between 2 and 30 K.

The temperature-dependent heat capacity (Cr) measurement was conducted on a pellet from 1.8
to 80 K. The absence of an anomaly in the Cr vs. T plot suggests that there is no long-range magnetic
ordering (Figure 11). The specific heat, Cr = y'T + T3, is the sum of electron (Ce= y'T) and lattice (Ci=
BT3) specific heat. The low-temperature range (1.8 to 7 K) can be fitted with the modified Debye model
Cr/T =y + BT?% which yields the electronic specific heat coefficient (Sommerfeld coefficient), y = 4.3
m]J/(mol-K?), and coefficient = 0.76 m]J/(mol-K*). The Sommerfeld constant y = m?%ks?N(E¥)/3, where ks
is Boltzmann constant (1.380649 J/K, or 8.61733%x105 eV/K), is proportional to the total DOS at the
Fermi level, N(Er). Based on the obtained y = 4.3 mJ/(mol'K?), the N(E¥) is calculated to be 1.8
states/eV-unit cell. The coefficient f3 is associated with the Debye temperature (Op) as ©p3=12t*Rn/(58),
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where R = 8.314 J/(mol'K), n = 19 (number of atoms per formula unit), and the calculated ©p is equal
to 365 K.
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Figure 11. Heat capacity of LiMosOi measured from 1.8 K to 250 Il, and the low-temperature range fitted with the
modified Debye model Cr/T =y + BT? (inset).

Electronic Structure. DFT calculations were performed to obtain the density of states (DOS) of non-
magnetic LiMosOi1o, and the results are shown in Figure 12. In the crystal structure, Mol and Mo2 have
the coordination number of 4, while Mo3 and Mo4 have the coordination number of 5 with O atoms.
Due to the different geometries, four different Mo atoms are grouped into two: Mol+Mo2 and
Mo3+Mo4, and the two show different 4d partial DOS, as shown in Figure 12. The computed DOS
shows a metallic phase, which is opposite to the observed semiconducting behavior in the experiment
(see Figure 9). Note that the forbidden energy window is realized above the Fermi level, from ~0.2 to
~0.5 eV in the computed DOS. Furthermore, introducing magnetism such as ferro-, ferri-, and anti-
ferromagnetism does not open the band gap in the DFT calculations. This discrepancy may be related
to the drawback of DFT calculations as they are well known to underestimate the bandgap. Several
methods like hybrid functional, modified Becke-Johnson (mB]) exchange potential, and DFT plus
dynamical mean-field theory (DFT+DMFT) were employed, but all of them were unsuccessful in
giving the bandgap in this system. Other methods beyond the standard DFT framework are necessary
to investigate the insulating phase of LiMosO1o, which remain for future work.
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Figure 12. The density of state (DOS) of non-magnetic LiMosO1o with the polar space group Cmc2.
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CONCLUSION

Polycrystalline LiMosO1o was synthesized by annealing starting materials Li2MoOs, MoOs, and Mo at
1380 °C for 48 h using a Mo crucible. The polar crystal structure featuring edge-sharing Mos octahedra
chains was confirmed with the Rietveld refinement of room-temperature neutron powder diffraction
data. The tetrahedral environment of Li atoms in the crystal structure was confirmed by the 7Li/°Li
solid-state NMR. The valence state of Mo was consistent with the formal Mo valence state according
to the X-ray absorption near-edge spectroscopy of the Mo-Ls edge. Resistivity measurement of
LiMosOuo indicates that this compound is not metallic as expected from the strong Mo-Mo bonding in
the crystal structure. LiMosO1 shows an interesting increase in resistivity at lower temperatures with
the ratio of p; g/p39¢ equal to 435, which is not observed in similar compounds with edge-sharing Moe
octahedra feature. Isothermal field-dependent magnetoresistance measurements at 2 K also reveal a
negative magnetoresistance of 10.1 % at 9 T. The study of LiMosO1o provides valuable guidance for the
study of isostructural ZnMosOro containing a more reduced Mo in the crystal structure, which will be
carried out in the future.
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Figure S1. Laboratory X-ray powder diffraction pattern of LiMosOuo (I41md) with a small amount of MoO2
(*) and Mo (¥) impurities (CuKou).
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