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ABSTRACT: A new reduced phase derived from the excitonic
insulator candidate Ta2NiSe5 has been synthesized via the intercalation
of lithium. LiTa2NiSe5 crystallizes in the orthorhombic space group
Pmnb (no. 62) with lattice parameters a = 3.50247(3) Å, b =
13.4053(4) Å, c = 15.7396(2) Å, and Z = 4, with an increase of the
unit cell volume by 5.44(1)% compared with Ta2NiSe5. Significant
rearrangement of the Ta-Ni-Se layers is observed, in particular a very
significant relative displacement of the layers compared to the parent
phase, similar to that which occurs under hydrostatic pressure.
Neutron powder diffraction experiments and computational analysis confirm that Li occupies a distorted triangular prismatic site
formed by Se atoms of adjacent Ta2NiSe5 layers with an average Li−Se bond length of 2.724(2) Å. Li-NMR experiments show a
single Li environment at ambient temperature. Intercalation suppresses the distortion to monoclinic symmetry that occurs in
Ta2NiSe5 at 328 K and that is believed to be driven by the formation of an excitonic insulating state. Magnetometry data show that
the reduced phase has a smaller net diamagnetic susceptibility than Ta2NiSe5 due to the enhancement of the temperature-
independent Pauli paramagnetism caused by the increased density of states at the Fermi level evident also from the calculations,
consistent with the injection of electrons during intercalation and formation of a metallic phase.

■ INTRODUCTION
Over 60 binary metal chalcogenides are known, and over two-
thirds form layered compounds as a consequence of the high
polarizability of the chalcogenide ions.1 A surge in the
synthesis and characterization of ternary chalcogenides in the
1980s2−9 resulted from the development of air-sensitive
synthesis techniques and improved characterization methods.
Since then, transition metal chalcogenides have been studied
extensively due to their unique physical properties and diverse
structural chemistry. Of these, systems exhibiting low
dimensionality are considered prime candidates for intercala-
tion. Intercalation of Li into TiS2 to form LixTiS2 was used as a
prototypical secondary battery system,10 and insertion of
atoms into the van der Waals gap of layered materials can be
used to alter their physical properties, for example, the
enhancement of the superconducting Tc from 8 to 45 K
through intercalation of Li and NH3 into the superconducting
layered chalcogenide FeSe11 or the realization of super-
conductivity in the excitonic insulator candidate 1T-TiSe2
through the intercalation of Cu, with a superconducting Tc
of 4.15 K.12

The narrow-band-gap semiconductor Ta2NiSe5 is a
candidate for being an excitonic insulator.13,14 In such a
proposed state arising in narrow-band-gap semiconductors
such as Ta2NiSe5 or 1T-TiSe2,

15,16 excitons are formed
spontaneously if the exciton binding energy is less than the
band gap, and because the electron and hole pairs are strongly
bound, the state is insulating and may be thought of as an

unconventional insulating state. Since the formation of the
excitonic insulating phase arises from the formation of strongly
bound charge-neutral pairs, the transition can be understood as
a Bose−Einstein condensation (BEC). A schematic of the
band dispersion of the narrow-gap semiconducting and
excitonic insulating states is shown in Figure 1c.17 Structurally,
Ta2NiSe5 is a layered compound constructed from Ta2NiSe5
layers stacked along the b-axis and related by the C-centering
translation so that an AB-type stacking results as shown in
Figure 1a,b.8

The layers comprise octahedral TaSe6 and tetrahedral NiSe4
polyhedra joined via edge sharing. The layers are gently
corrugated along the c direction, and along the a direction,
there are ribbons of double-thickness edge-shared TaSe6
octahedra linked by chains of vertex-linked NiSe4 tetrahedra.
Resistivity measurements reveal semiconductor behavior at
room temperature and a gradual transition to a state where the
resistivity behaves like that of a metal above 550 K.19 An
additional feature at 328 K is accompanied by a structural
phase transition from Cmcm to C2/c symmetry on cooling.
Structurally, this is equivalent to the shearing of the Ta chains
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against the Ni chains, as shown schematically in Figure 1d.
Chemically, the composition is intriguing, with the possibility
of Ta(IV)/Ni(II) versus Ta(V)/Ni(0) configurations seem-
ingly plausible. Chemical intuition would argue for the former,
but the observed diamagnetism is not consistent with Ni(II)
and the fact that there is no structural evidence for a charge-
density wave (CDW) distortion associated with the Ta(IV)
5d1 configuration that would account for the observed
insulating behavior (rather than metallicity) seemingly argues
for the latter. Tight-binding band structure calculations of the
Cmcm phase indicate that Ta2NiSe5 has a direct gap at the Γ
point of the Brillouin zone.20,21 The conduction band is largely
configured by the Ta 5dxy chain giving a quasi-1D dispersion,
while the top of the valence band also has a quasi-1D
dispersion and is composed of well-hybridized Ni 3dxz and Se
4py orbitals. There is no mixing of the states at the top of the
Ni/Se-based valence band and the bottom of the Ta-based
conduction band because the states belong to different
irreducible representations at Γ, and the appropriate
formulation is Ta(V) and Ni(0). Canadell and Whangbo20

point out that the Ta−Ta separations are long (consistent with
Ta(V)), while the Ta−Ni separation is short, suggesting that
the Ni(0) oxidation state is stabilized by donation to the empty
Ta(V) acceptor orbitals analogous to the stabilization of Ni(0)
in molecules such as Ni(CO)4. Kaneko et al.22 account for the
phase transition from the Cmcm phase to the C2/c phase as
driven by the BEC of excitonic electron−hole pairs, while a
more recent report suggests that spontaneous symmetry
breaking is mostly structural in nature.23 This symmetry-
lowering distortion accompanying the formation of the
excitonic insulator phase allows mixing of the conduction
and valence bands at Γ, and this mixing is proposed24 to
account for the observation of flattening of the bands around Γ
in ARPES experiments and the interpretation of the ARPES
data using an electronic description, which suggests a Ta(IV)
d1 state and an oxidized Ni 3d9/Se-ligand-hole state.22,24,25

Further experiments devoted to fully understanding the
transition are the topic of current research.26

High-pressure experiments27 on Ta2NiSe5 reveal the
sensitivity of the structure to applied pressure. The ambient
temperature and pressure phase crystallizing in C2/c and
assigned as the excitonic insulator phase transforms to the
Cmcm phase under an applied hydrostatic pressure of about 2
GPa at ambient temperature. This Cmcm phase is the high-
temperature/ambient-pressure high-symmetry phase described
above, and it transforms at about 3 GPa at ambient
temperature to a Pmnm phase related to the Cmcm phase by
a relative sliding of the layers to produce an AA stacking
(rather than AB stacking) of the layers with the loss of lattice
centering. This high-pressure orthorhombic phase also under-
goes a transition on cooling at high pressure to a monoclinic
phase crystallizing in P2/n, and Nakano et al.27 suggest that
this may also be an excitonic insulator phase. Super-
conductivity below 1.2 K was recently found at 8 GPa in
this high-pressure phase of Ta2NiSe5,

28 which is reminiscent of
the pressure-induced superconductivity found in the excitonic
insulator candidate 1T-TiSe2.

29

Chemical transformation by intercalation of lithium into
Ta2NiSe5 has previously been reported by Squattrito et al.30

using n-butyllithium to produce a compound of formula
Li2Ta2NiSe5. However, the powder X-ray diffraction (PXRD)
pattern was not successfully indexed, apparently due to the low
crystallinity of the product. Here, we present the reduced
phase LiTa2NiSe5 synthesized using chemical intercalation and
characterized using high-resolution PXRD, powder neutron
diffraction (PND), nuclear magnetic resonance spectroscopy
(NMR), and computational studies. The intercalation results
in significant structural and electronic changes compared with
the host, and here, we compare and contrast this reduced
phase with the ambient8 and high-pressure forms of the host
Ta2NiSe5.

27

■ EXPERIMENTAL SECTION
Synthesis. All syntheses were carried out in a Glove Box

Technology Ltd. argon-filled dry glovebox with an O2 content
below 1 ppm or on a Schlenk line under N2. Polycrystalline samples of
Ta2NiSe5 were synthesized by grinding together tantalum powder
(Alfa Aesar, 99.97%), nickel powder (Alfa Aesar, 99.9%), and
selenium powder (Alfa Aesar, 99.999%) in stoichiometric amounts
using an agate pestle and mortar until the mixture was homogeneous.
The mixture was then sealed inside an evacuated silica tube and
heated at 750 °C for 7 days (ramping rate of 5 °C min−1) before
being allowed to cool naturally. The resulting powder was reground
and pressed into a pellet before reheating to 700 °C for 48 h and
cooling at the natural rate of the furnace. This second step was found
to improve the crystallinity of the precursor Ta2NiSe5.

Lithium intercalates were synthesized by inserting Ta2NiSe5
powder and a magnetic stirrer bar into a Schlenk tube in the glove
box. Approximately 20 cm3 of dry hexane was then added to the vessel
using a Schlenk line. A stoichiometric volume of n-butyllithium
solution (1.6 M in hexanes; Alfa Aesar) to give the target phase
LiTa2NiSe5 was added using a nitrogen-purged needle and syringe.
The suspension was left to stir overnight before filtering off the
supernatant using a Schlenk line. The solid was then washed by
adding fresh dry hexane to the Schlenk tube, stirring for 30 s, and
removing the solvent by filtration. This procedure was repeated twice.
The remaining solid was left to dry under dynamic vacuum for 1 h.
Diffraction. Laboratory PXRD data on the solid products were

collected using a Bruker D8 Advance Eco diffractometer (Cu Kα
radiation). For detailed structural refinement, data were collected on
beamline I1131 at the Diamond Light Source using 1.5 min scans with
a MYTHEN position sensitive detector (PSD), using Si-calibrated

Figure 1. (a) Structure of Ta2NiSe5 viewed along the a-axis and (b)
Ta2NiSe5 viewed along the c-axis demonstrating the AB-layer stacking
of the layers, which are offset from one another along the a-axis. (c)
Schematic of the band dispersion of Ta2NiSe5 in the semiconducting
state and as an excitonic insulator. The purple shaded area shows the
bound hole−electron pair. Figure adapted from Kim et al.18 (d)
Schematic representation showing the lattice distortion of the 1D Ta
chains relative to the Ni chains corresponding to the orthorhombic to
monoclinic phase transition.
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0.82 Å X-rays. The PSD was also used to gather diffraction patterns at
82 temperatures over a range of 100−300 K and 211 temperatures
over a range of 303−1173 K. PND measurements at ambient
temperature were made using the GEM32 instrument at the ISIS
Pulsed Neutron and Muon Facility, Rutherford Appleton Laboratory,
UK. A sample of approximately 1.5 g was loaded into a 6 mm-
diameter vanadium can and sealed using an indium gasket. Diffraction
data were collected for an integrated proton charge to the ISIS target
of 350 μAhr (microamp hours), equivalent to approximately 2 h
exposure in the neutron beam. Refinements of the structural models
against the diffraction data were carried out using TOPAS Academic
V6 software.33

Magnetometry. Magnetic susceptibility measurements were
made using a Quantum Design MPMS-3 SQUID magnetometer.
Accurately weighed samples of around 30 mg were loaded into gelatin
capsules, which were secured inside plastic straws, which were loaded
into the instrument. Zero-field-cooled (ZFC) and field-cooled (FC)
measurements were carried out in fields of 2.5 and 3.5 T. High fields
were necessary in order to measure these materials, which have a very
low magnetic susceptibility. An additional ZFC plus FC measurement
was performed in a field of 50 Oe to check for a possible
superconducting transition.
NMR Spectroscopy. Solid-state 6Li NMR measurements were

made using a Bruker Avance III-HD spectrometer equipped with a 9.4
T wide-bore magnet and a 4 mm magic angle spinning (MAS) probe.
Samples were packed in 4 mm-outer-diameter (OD) rotors for
measurements below 298 K and in sealed inserts, which were then
placed in a 4 mm-OD rotor for measurements above 298 K. This was
to alleviate tuning and spinning problems caused by a phase transition
apparent just above 298 K. For low-temperature measurements, a
MAS rate of 8 kHz was used, and spectra were acquired using a one-
pulse excitation sequence, 500 scans, and a relaxation delay of 18 s.
For the high-temperature experiments, a MAS rate of 10 kHz was
used and the same conditions as the low-temperature experiments

except that 3500 scans were acquired. Spectra were externally
referenced to LiCl in H2O (0 ppm).
Chemical Analysis. Inductively coupled plasma-mass spectrosco-

py (ICP-MS) was used to determine the Li content of the washed
samples. Approximately 5 mg of the sample was dissolved in 20 mL of
HNO3 (conc.):HCl (12 M) in a 19:1 volume ratio and diluted with
deionized water to make a 2 vol % solution of the original
concentrated acids. A PerkinElmer NexION 350D ICP-MS at the
Department of Earth Sciences, University of Oxford, was used to
determine the concentrations of Li and Ni.
Computation. The plane wave density functional theory (DFT)

code Vienna ab initio simulation package (VASP)34−36 (version 5.4.4)
was used to determine lithium site energies. A plane wave cutoff
energy of 600 eV and Γ-centered Monkhorst−Pack (MP) grids with a
maximum spacing of 0.043 2π Å−1 were used with projector-
augmented wave37,38 (PAW) pseudopotentials from dataset PBE.54
(Li_sv, Ta_pv, Ni_pv, and Se). The PBEsol39 generalized gradient
approximation (GGA) and dispersion-corrected40 PBEsol + D3
functionals were used to model the exchange and correlation effects.
Tolerances of 10−6 eV and 10−2 eV Å−1 were applied to total energy
and forces during electronic minimization and geometry optimization,
respectively. The electronic densities of states (DOS) were computed
using denser k-point grids with a maximum spacing of 0.025 2π Å−1.
Analysis of the DOS was conducted using the sumo41 Python
package.

Input files for lithium site calculations were prepared using the
doped42,43 Python package with a 32-atom supercell. Force tolerance
was raised to 2 × 10−2 eV Å−1 for lithium interstitials during
relaxations, with fixed lattice parameters. The pymatgen44 and ase45

Python packages were used to manipulate structures and to assist with
the symmetry analysis of the lithium sites.

Figure 2. Fitted PXRD patterns of (a) Ta2NiSe5 and (b) LiTa2NiSe5 measured at 300 K on the PSD detector at I11 showing the observed (blue),
calculated (red), and difference (gray) curves. Rwp: 2.23 and 1.76%, respectively.
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■ RESULTS AND DISCUSSION
Structural Refinement. The PXRD pattern of the

intercalate had visual similarities to that of the parent
compound Ta2NiSe5, shown in Figure 2. The pattern could
be well-indexed to an orthorhombic unit cell, a = 3.502 Å, b =
13.405 Å, and c = 15.739 Å, with a fairly similar shape to that
of Ta2NiSe5 but with an increase in the unit cell volume of
5.44(1)%. Observation of the systematic absences in the
pattern indicated the extinction symbol P*nb with this set of
axes. A rigid-body approach to the structure solution was
adopted to take advantage of the layered nature of the
structure with the assumption that the layers would remain
intact during the low-temperature intercalation experiments. A
model resembling the parent phase Ta2NiSe5 in terms of the
arrangement of the atoms and the interatomic distances was

built in P1 symmetry inside a unit cell with the unit cell
parameters obtained from the indexing described above, with
the b-axis being the stacking direction. The atoms were then
divided into two groups according to which layer they
occupied and constrained, so there was no refinement of
relative atomic positions within each layer. One layer was kept
fixed, and the position of the second layer relative to the first
was refined in the x, y, and z directions. The resulting
displacement of the two layers relative to their positions in the
parent structure refined to (0.5(1), −0.0156(4), −0.1372(3)).
The displacement in x (i.e., along the short axis) is within an
error of 0.5 and was assumed to be so for the purpose of this
model, so there is a substantial relative shift in this direction.
The small displacement in y was fixed to zero. Although this
was outside the estimated uncertainty, a value of zero means
that the two layers remain displaced by 1/2b along the b-axis,

Figure 3. (Left) Crystal structure of Ta2NiSe5. (Right) Crystal structure of the Ta−Ni−Se slabs of the Li intercalate in Pmnb. Small black arrows
represent the displacement of the alternate layers by (0.5, 0, −0.1372(3)) upon intercalation.

Table 1. Refinement Parameters from the PXRD and PND Patterns of LiTa2NiSe5
a

LiTa2NiSe5: RMM = 822.33 g mol−1, Z = 4

diffractometer I11 (PSD) (GEM(ISIS))
wavelength (Å) 0.82445(2) (ToF)
temperature (K) 300 (300)
space group Pmnb (62)
a (Å) 3.50247(3) (3.49523(6))
b (Å) 13.4053(4) (13.3681(3))
c (Å) 15.7396(2) (15.7015(4))
V (Å3) 739.002(27) (733.644(28))

atom site x y z occ Uiso (Å2)

Ta1 4c 0.25 (0.25) 0.2304(2) (0.2256(3)) 0.0389(2) (0.0404(3)) 1 0.0206(9) (0.0133(11))
Ta2 4c 0.25 (0.25) 0.2072(2) (0.2089(3)) 0.3213(2) (0.3204(3)) 1 0.0148(7) (0.0075(9))
Ni 4c 0.25 (0.25) 0.2999(4) (0.3051(2)) 0.6850(5) (0.6803(2)) 1 0.0050(16) (0.0109(7))
Se1 4c 0.25 (0.25) 0.9081(4) (0.9073(3)) 0.9411(3) (0.9388(2)) 1 0.0270(19) (0.0067(8))
Se2 4c 0.25 (0.25) 0.9245(4) (0.9279(3)) 0.7099(3) (0.7082(2)) 1 0.0237(21) (0.0118(10))
Se3 4c 0.25 (0.25) 0.1592(4) (0.1639(3)) 0.8752(3) (0.8776(2)) 1 0.0073(18) (0.0060(8))
Se4 4c 0.25 (0.25) 0.1502(4) (0.1415(3)) 0.4800(3) (0.4814(2)) 1 0.0150(19) (0.0122(10))
Se5 4c 0.25 (0.25) 0.3136(3) (0.3139(3)) 0.1847(4) (0.1858(2)) 1 0.0048(13) (0.0098(8))
Li 4c (0.25) (0.506(9)) (0.308(7)) (1.04(7)) (0.180(19))

aRefinement parameters from the PND pattern of LiTa2NiSe5 collected at 300 K on the GEM instrument at ISIS by simultaneous fitting to data
collected in all 6 detector banks are given in parentheses.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c01510
Inorg. Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


which is the stacking direction, consistent with the expectation
that they remain evenly spaced. Compared with the situation
in Ta2NiSe5, the layers are displaced slightly relative to one
another along the c direction. The final relative arrangements
of the layers in the host and intercalate compounds are
compared in Figure 3. The resulting structure of the intercalate
obtained from this rigid-body refinement in P1 can then be
described in Pmnb (a setting of space group no. 62), consistent
with the analysis of systematic absences. The final model was
thus produced by completely lifting the rigid-body constraints
and allowing atomic positions to freely refine in the Pmnb cell.
An alternative model in the space group P21/n (a setting of
space group no. 14 with the b-axis unique, allowing a direct
symmetry descent from Pmnb) was generated to assess
whether a small monoclinic distortion akin to that in Ta2NiSe5
was present. No clear monoclinic distortion was observed (β =
90.01(1)°), and no improvement to the fit could be achieved
in P21/n (Rwp = 2.26%) versus Pmnb (Rwp = 1.76%). The Pmnb
model was accepted on this basis. The final structural model is
shown in Figure 2 with refinement parameters given in Table
1.

The PXRD data show broadening of the diffraction peaks
indicating a noticeable reduction in the crystallinity between
Ta2NiSe5 and LiTa2NiSe5, which we attribute to reduction in
particle size during the intercalation step. Grain sizes calculated
using the Scherrer equation are 150(3) and 100(5) nm for
Ta2NiSe5 and LiTa2NiSe5, respectively. The ratios of the full-
width at half-maximum (FWHM) of well-resolved h0l and 0k0
reflections were found to be 1.13 and 0.95 for Ta2NiSe5 and
LiTa2NiSe5, respectively, indicating that the peak broadening is
fairly isotropic. This further supports our hypothesis that peak
broadening is an effect of the reduced particle size.

An additional sample was synthesized using a 2:1 ratio of n-
butyllithium to Ta2NiSe5 to replicate the method used by
Squattrito et al.30 This sample had poor crystallinity as
reported, and the PXRD pattern only displayed two well-
resolved reflections. We propose that the use of additional n-
BuLi may generate a Li-richer phase but with reduced
crystallinity.
Powder Neutron Diffraction (PND). PND experiments

were performed in order to attempt to locate the light Li
atoms. The Rietveld refinement against room temperature data
from GEM (Figure 4) was consistent with the Pmnb model
generated from the PXRD data given in Table 1. The only

scattering center with a negative scattering amplitude given by
the difference Fourier map, consistent with Li, in the interlayer
spacing is located at (0.25, 0.506(9), 0.308(7)), a distorted
triangular prismatic site formed by Se atoms of adjacent
Ta2NiSe5 layers. The Li occupancy was refined to be 1.04(7)
and is consistent with the stoichiometry of the reaction, the
high phase purity of the intercalate product, and the results of
ICP-MS measurements of the washed solid sample, which gave
a Li:Ni ratio of 0.96(4). The stoichiometry has been assigned
as LiTa2NiSe5 from these independent measurements, which
are consistent with the reaction stoichiometry. The thermal
displacement parameter of Li from the refinement is 0.180(19)
Å2, larger than for any other atom in the model by one order of
magnitude and which could be a result of high mobility of Li or
due to a combination of the low scattering length of Li (−1.90
fm), compared with those of the other atoms (Ta: 6.91 fm, Ni:
10.3 fm, and Se: 7.97 fm) and the large number of parameters
required to fully describe the structure.

The calculated metal−metal separations for Ta2NiSe5 and
LiTa2NiSe5 are listed in Table 2. The values obtained for

Ta2NiSe5 from PXRD data are within one standard deviation
of those reported by Sunshine and Ibers from single-crystal
XRD data.8 Canadell and Whangbo20 comment on the long
Ta−Ta and short Ta−Ni separations in Ta2NiSe5 supporting
the Ta(V)/Ni(0) oxidation state configuration. Both Ta1−Ni
and Ta2−Ni distances in Ta2NiSe5 are approximately equal at
2.8037(8) and 2.8131(8) Å, respectively. In LiTa2NiSe5, the
structure refinements and the computation both suggest that
the Ta1−Ni separation is somewhat elongated relative to the
Ta2−Ni separation (Figure 5), although the difference is only
significant in the PXRD data (2.947(7) and 2.740(7) Å,
respectively) for which Ni makes a relatively weak contribution
to the scattering compared with the PND data, so this may be
an artifact. The partial density of states calculated for each Ta
site, discussed below, suggests that both sites are reduced
equally and the subtle differences in band structure are due to
the different local coordination around the two Ta sites.

Figure 4. Fitted PND pattern of LiTa2NiSe5 measured at 300 K on
the GEM instrument at ISIS (bank 3 with the range 24 < 2θ < 45°)
showing the observed (blue), calculated (red), and difference (gray)
curves. Rwp: 4.58%. Rietveld fits to the patterns collected in all 6
detector banks are presented in Figure S1 in the Supporting
Information.

Table 2. Calculated Bond Distances of Ta2NiSe5 and
LiTa2NiSe5 from PXRD, PND, and Computed Models
Determined in This Worka

compound Ta2NiSe5 LiTa2NiSe5

distances (Å) PXRD PXRD PND computation

Ta1−Ta1 3.496(1) 3.5025(1) 3.4952(1) 3.4781
Ta1−Ta2 3.903(1) 3.943(4) 3.969(6) 3.9268
Ta1−Ni 2.8037(8) 2.947(7) 2.837(5) 2.8479
Ta2−Ni 2.8131(8) 2.740(7) 2.816(5) 2.7890
Ta1−Se1 2.523(1) [Se1] 2.587(6) 2.512(5) 2.5650
Ta1−Se3 2.678(1) [Se2] 2.761(6) 2.686(6) 2.6798
Ta1−Se4 2.588(1) [Se2] 2.546(5) 2.659(5) 2.6173
Ta1−Se5 2.570(1) [Se3] 2.572(7) 2.570(6) 2.5662
Ta2−Se2 2.581(1) [Se1] 2.529(5) 2.569(5) 2.5602
Ta2−Se3 2.661(1) [Se2] 2.660(5) 2.598(5) 2.6078
Ta2−Se4 2.678(1) [Se2] 2.628(6) 2.684(6) 2.6787
Ta2−Se5 2.570(1) [Se3] 2.553(7) 2.537(6) 2.5428
Ni−Se1 2.339(2) [Se1] 2.456(9) 2.365(3) 2.3329
Ni−Se2 2.339(2) [Se1] 2.348(9) 2.400(5) 2.3590
Ni−Se5 2.381(2) [Se3] 2.335(5) 2.365(3) 2.3893

aAtomic labels of Se atoms for Ta2NiSe5 data in the space group C2/c
are given in square brackets, for comparison to LiTa2NiSe5 in the
space group Pmnb.
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Variable-Temperature Diffraction. Temperature-re-
solved PXRD measurements between 100 and 300 K were
performed on LiTa2NiSe5 to probe for any structural
distortions analogous to the monoclinic distortion observed
in Ta2NiSe5 at 328 K. These high-resolution measurements
revealed no peak broadening or splitting down to 100 K,
indicating that there was no comparable distortion in
LiTa2NiSe5 down to this temperature. The lattice parameters
and unit cell volume output from the sequential Rietveld fits to
the PXRD patterns indicated no structural transitions or
anomalies, shown in Figure S2. An additional measurement
between 303 and 1173 K was performed to assess the
decomposition of LiTa2NiSe5. It was found that no significant
peak broadening occurs below the decomposition temperature.
The film plot in Figure S3 shows that decomposition occurs at
approximately 700−800 K with the disappearance of the high-

intensity reflection at 2θ of ∼7.1°. Beyond this temperature,
two new low-angle reflections emerge at 2θ of ∼6 and ∼6.7°.
The PXRD pattern collected at 1173 K, shown in Figure S4,
cannot be fitted using LiTa2NiSe5, Ta2NiSe5, or any other
known ternary or binary phases made up of the constituent
elements of the intercalated phase, and we hypothesize that the
pattern is dominated by a new phase or a mixture of phases.
The change is not reversed on cooling back to 300 K. The
phases formed in this high-temperature change are subject to
further investigation.

To assess the air stability of LiTa2NiSe5, a portion of the
sample was left to oxidize in air overnight. The resulting phase
was found to be almost exclusively Ta2NiSe5, with slightly
diminished crystallinity compared to fresh Ta2NiSe5 with an
estimated crystallite size of 70(5) nm, from analysis of
synchrotron PXRD data (Figure S5). Additional side phases
could not be identified; however, there is most likely a lithium-
containing amorphous phase resulting from the aerial
deintercalation of Li. The significant change in the layer
stacking on intercalation and deintercalation indicates high
mobility of the Ta−Ni−Se layers, and the changes are
reversible without significant incorporation of stacking
disorder.
Computation. DFT calculations were performed on the

Pmnb model to locate other possible Li sites and calculate their
relative energies. Twenty-two symmetry-inequivalent intersti-
tial positions were identified, and each Li interstitial was
subject to relaxation in the host Ta2NiSe5 supercell with Pmnb
symmetry using the PBEsol functional. All Li interstitials were
relaxed to one of 5 different clusters of sites. The sites within
each cluster have marginally different positions relative to one
another but were found to be within 0.015 Å of each other
along any given axis, a distance comparable to the uncertainty
in a refined interatomic distance. Twenty-one of the individual

Figure 5. Coordination environment surrounding Ni in (left)
Ta2NiSe5 and (right) LiTa2NiSe5. Ta1-Ni and Ta2-Ni distances are
represented with the dashed line.

Figure 6. Schematic showing the five distinct clusters of Li sites determined by the plane wave density functional theory analysis and their relative
energies. Positions for the lowest-energy site in each cluster can be found in Table 3 (column 2). All the sites determined by computation can be
found in Table S2.
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sites were located on 4c sites of m site symmetry in the
experimental Pmnb model. One additional site corresponded
to a general position in Pmnb but was close to a mirror plane.
Locations of all sites can be found in the Supporting
Information (Table S2). The lowest-energy site belonging to
each of the five clusters is shown in Figure 6, and their
coordinates are given in Table 3. The Li site identified

independently from the PND measurements with coordinates
(0.25, 0.515(2), 0.332(3)) corresponds to the lowest-energy Li
cluster, labeled as cluster 1 shown in Table 3. On this basis, the
Li site identified through PND was accepted as the final model
with an assigned occupancy of 1 consistent with the structure
refinement and the chemical analysis.

The final structural model for LiTa2NiSe5 is shown in Figure
7. Li atoms lie in 6-coordinate distorted triangular prisms of Se
with an average Li−Se bond length of 2.724(2) Å determined
from the PND measurement. This is consistent with Li−Se
bond length values reported in the literature, which range from
2.61 Å for the tetrahedral environment in Li2Se

46 to 2.93 Å for
6-coordinate Li sites in LiMnSe2.

47 An additional Se atom lies

at a distance of 3.322(4) Å, which has not been formally
included in the coordination sphere of Li since it lies far
outside the range of typical values. The coordination
environment of Li is also detailed in Figure 7, which gives
the Li−Se bond distances and the angles of the LiSe6
polyhedra, indicating the degree of distortion away from a
regular triangular prism. We propose that the stacking
rearrangement of the Ta−Ni−Se layers is driven by the
coordination requirements of the Li ions.

The electronic density of states (DOS) and band dispersion
of LiTa2NiSe5 were calculated using the lowest-energy Li site
given by DFT calculations and are shown in Figure 8a,b. The
band dispersion shows no band gap and suggests that
LiTa2NiSe5 is metallic. The DOS shows that the Ta 5d
bands dominate above the Fermi level and are partially filled
upon intercalation, which is consistent with partial reduction of
Ta(V). Partial densities of states for the Ta1 and Ta2 (Figure
8c,d) sites show no significant difference between the two sites
in the positions of the various bands relative to the Fermi
Level, suggesting that reduction of Ta is not specific to one
site. The small differences in partial densities of states
presumably arise from the small difference in local coordina-
tion between the two Ta sites discussed above. The band
structure and DOS of Ta2NiSe5 in both orthorhombic and
monoclinic symmetries were calculated using the dispersion-
corrected functionals PBEsol + D3 and are given in Figure S6
confirming the narrow-gap behavior quite different from the
intercalate. We should note that the differences observed in the
band structures and DOS between the parent phase and
LiTa2NiSe5 are not simply due to changing the Fermi level by
adding electrons donated from the intercalated Li but also due
to the structural change described above that occurs during
intercalation.
NMR Spectroscopy. Variable-temperature MAS 6Li NMR

measurements (Figure 9a) indicate a single Li environment at
298 K, observable on the NMR timescale, which agrees with
our previous Li analysis. However, low-temperature measure-
ments reveal the appearance of a second asymmetric peak
between 253 and 233 K, which contains the majority of the Li
and becomes extremely broad upon cooling. This could be due
to a second Li environment, although none of the higher-
energy Li sites located computationally refined to nonzero
occupancies outside the uncertainty in the parameters in the
PND structure refinements. The nature of the splitting is
unusual: one peak shifts and broadens significantly relative to
the other. This could indicate a temperature-dependent Knight
shift usually observed in metallic compounds arising from the
Pauli paramagnetism of conduction electrons48 and is
proportional to the electronic density of states at the Fermi
level.

Above room temperature (Figure 9b), two additional peaks
appear, which could indicate the appearance of a conductive
phase above 298 K, as indicated by spinning problems and
changes in probe tuning, although no structural transition or
decomposition is apparent in the variable-temperature PXRD
data until much higher temperatures, as described above.
Variable-temperature conductivity measurements are ham-
pered by the air sensitivity of this compound, although the
calculations and a crude resistivity measurement (see below)
suggest metallic behavior for this intercalate.

Due to the lack of implementation for computing the NMR
shifts for metallic systems using ab initio methods, we
attempted to calculate the NMR shifts with the gauge-

Table 3. Parameters of the Lowest-Energy Interstitial Site of
Each Cluster Output by Plane Wave Density Functional
Theory Calculationsa

Li site coordinates

defect
name

ΔE
(eV) site

Li site energy
(eV per Li) x y z

cluster 1 0 4c 0 0.25 0.50114 0.33392
cluster 2 0.08 4c 0.02 0.25 0.46758 0.07313
cluster 3 0.15 4c 0.04 0.25 0.50076 0.92858
cluster 4 0.46 4c 0.11 0.25 0.57913 0.74604
cluster 5 0.68 4c 0.17 0.25 0.54079 0.51680

aΔE is the total energy difference of the unit cell relative to the
lowest-energy cluster model. The Li site energy is ΔE normalized by
the number of Li atoms in the unit cell.

Figure 7. Final refined structural model of LiTa2NiSe5 from Rietveld
fits to PXRD and PND and confirmed by computational prediction of
the Li position. Bond lengths and angles are derived from fit to PND
data.
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including projector augmented wave, an approach designed for
nonmetallic crystalline systems.49−51 The calculations were
unsuccessful due to the metallic nature of the compound.
Detailed methodology can be found in the Supporting
Information.
Magnetometry. Ambient-temperature magnetization iso-

therms measured using SQUID magnetometry reveal that the
parent and intercalate compounds are bulk diamagnets. At low
fields, both isotherms reveal small positive magnetizations from
0 to 1 T. This is indicative of a small ferromagnetic impurity

and has been attributed to the presence of elemental Ni in
trace amounts (0.0205(8) and 0.0106(2)%, respectively)
below the detection limit of X-ray and neutron powder
diffraction. The susceptibility was determined as a function of
temperature by performing measurements at two fields above
the saturation field of the ferromagnetic impurity.

Figure S7 shows a 30% reduction in the diamagnetic
susceptibility, from −1.695(7) × 10−4 emu mol−1 in Ta2NiSe5
(DiSalvo et al. reported a susceptibility of −1.028 × 10−4 emu
mol−1 for Ta2NiSe5 at 300 K19) to −1.254(4) × 10−4 emu

Figure 8. (a) Density of states and (b) band dispersion of LiTa2NiSe5 calculated using the PBEsol functional. Partial density of states calculated for
(c) Ta1 site and (d) Ta2 site in LiTa2NiSe5.

Figure 9. Variable-temperature MAS 6Li NMR spectra. (a) Low-temperature measurements between 173 and 298 K. (b) High-temperature
measurements from 298 to 313 K. The two ranges are presented separately as they were performed as two measurements.
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mol−1 in LiTa2NiSe5, upon intercalation. Subtraction of the
magnetization vs temperature curve measured at 2.5 T from
that measured at 3.5 T (Figure 10) for LiTa2NiSe5 eliminates

the effect of the minuscule ferromagnetic impurity and gives
the intrinsic susceptibility, which is temperature-independent,
consistent with opposing temperature-independent diamag-
netic and paramagnetic contributions. The core diamagnetic
contributions calculated from standard tables52 are −2.8 ×
10−4 and −2.81 × 10−4 emu mol−1 for Ta2NiSe5 and
LiTa2NiSe5, respectively. However, the experimental suscepti-
bilities are approximately half of these values. This suggests
that there is a small temperature-independent paramagnetism
in the parent Ta2NiSe5 and the intercalate is a Pauli
paramagnet with a temperature-independent susceptibility
enhanced by the injection of electrons from the intercalated
Li to increase the density of states at the Fermi level. This is
consistent with the clear conclusion from the calculations that
the intercalated phase LiTa2NiSe5 is metallic. Conductivity
measurements on Ta2NiSe5 have been reported previously by
DiSalvo et al.19 Similar measurements of LiTa2NiSe5 were
hampered by the air sensitivity of the sample. A room
temperature measurement was made under nonideal con-
ditions inside a glovebox by sandwiching a 5 mm-diameter
cold-pressed pellet of LiTa2NiSe5 between two steel contacts
of the same diameter, which were connected to a multimeter,
which gave an estimate of the resitivity, ρ, of 2.1(1) Ω cm,
consistent with metallic behavior.

No superconductivity was observed in LiTa2NiSe5 down to
2 K (the lower limit of our instrument) at ambient pressure in
a separate magnetometry experiment using an applied field of
50 Oe. While the arrangement of the layers in the intercalated
phase is similar to that in the high-pressure form of Ta2NiSe5,
which exhibits superconductivity below 1.2 K at a pressure of
approximately 8 GPa,28 the intercalation provides additional
electrons to raise the Fermi level. Whether superconductivity is
present in LiTa2NiSe5 below 2 K, at elevated pressure, or at
different levels of intercalation (if attainable) is not predictable
and may be a suitable subject for further experiments.

■ CONCLUSIONS
We have successfully synthesized and characterized metallic-
phase LiTa2NiSe5 synthesized by the intercalation of Li into
the narrow-band-gap excitonic insulator candidate Ta2NiSe5
using n-butyllithium, showing that a crystalline intercalate is
obtainable in this system.30 Displacement of the Ta2NiSe5
layers relative to one another occurs during intercalation,
without a significant loss of crystallinity, and is accompanied by
a significant increase in the unit cell volume of 5.44(1)%. The
resulting phase crystallizes in the orthorhombic space group
Pmnb at room temperature, with no evidence of structural
distortions detected between 100 and 500 K, in contrast to the
case in the host phase Ta2NiSe5. Li has been found to fully
occupy triangular prismatic sites with an average Li−Se bond
length of 2.724(2) Å. SQUID magnetometry shows that
LiTa2NiSe5 is also diamagnetic but shows a significant
reduction in magnetic susceptibility due to the enhancement
of temperature-independent paramagnetism by injection of
electrons from Li to increase the density of states at the Fermi
level. No sign of superconductivity was found down to 2 K at
ambient pressure. 6Li NMR studies reveal unusual behavior at
low temperatures and a possible electronic transition just
above room temperature. Further investigation is needed to
rationalize these observations.

■ AUTHOR INFORMATION
P.A.H. synthesized the samples and analyzed the experimental
data with help from S.J.Ca in structure determination. R.I.S
collected the neutron diffraction data. J.C. performed the
calculations under the direction of B.Z. and D.O.S. P.H.
performed the chemical analysis. N.H.R. performed the NMR
experiments. P.A.H. wrote the paper with input from the other
authors. S.J.Cl. provided materials and initial concepts and
oversaw the analysis.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510.

Further diffractograms, refinement parameters, and
magnetometry and conductivity data (PDF)

■ AUTHOR INFORMATION
Corresponding Author

S. J. Clarke − Department of Chemistry, Inorganic Chemistry
Laboratory, University of Oxford, Oxford OX1 3QR, U.K.;
orcid.org/0000-0003-4599-8874; Email: simon.clarke@

chem.ox.ac.uk

Authors
P. A. Hyde − Department of Chemistry, Inorganic Chemistry

Laboratory, University of Oxford, Oxford OX1 3QR, U.K.
J. Cen − Department of Chemistry, University College London,

London WC1H 0AJ, U.K.; Thomas Young Centre, University
College London, London WC1E 6BT, U.K.

S. J. Cassidy − Department of Chemistry, Inorganic Chemistry
Laboratory, University of Oxford, Oxford OX1 3QR, U.K.;
orcid.org/0000-0002-4297-1425

N. H. Rees − Department of Chemistry, Inorganic Chemistry
Laboratory, University of Oxford, Oxford OX1 3QR, U.K.

P. Holdship − Department of Earth Sciences, University of
Oxford, Oxford OX1 3AN, U.K.

Figure 10. Molar susceptibility vs temperature curves collected at 2.5
and 3.5 T after being cooled in zero field. The green curve is the
subtraction of the data points collected at 3.5 T from the data points
collected at 2.5 T. The hump at approximately 50 K has been
attributed to a trace amount of oxygen contamination.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c01510
Inorg. Chem. XXXX, XXX, XXX−XXX

I

http://S.J.Ca
http://S.J.Cl
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01510/suppl_file/ic3c01510_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S.+J.+Clarke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4599-8874
https://orcid.org/0000-0003-4599-8874
mailto:simon.clarke@chem.ox.ac.uk
mailto:simon.clarke@chem.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="P.+A.+Hyde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Cen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S.+J.+Cassidy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4297-1425
https://orcid.org/0000-0002-4297-1425
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="N.+H.+Rees"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="P.+Holdship"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+I.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?fig=fig10&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


R. I. Smith − Rutherford Appleton Laboratory, ISIS Facility,
Didcot, Oxon OX11 0QX, U.K.; orcid.org/0000-0002-
4990-1307

B. Zhu − Department of Chemistry, University College London,
London WC1H 0AJ, U.K.; Thomas Young Centre, University
College London, London WC1E 6BT, U.K.; orcid.org/
0000-0001-5601-6130

D. O. Scanlon − Department of Chemistry, University College
London, London WC1H 0AJ, U.K.; Thomas Young Centre,
University College London, London WC1E 6BT, U.K.;
orcid.org/0000-0001-9174-8601

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.3c01510

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the UK EPSRC (EP/T027991/1 and EP/R042594/
1) and the Leverhulme Trust (RPG-2018-377) for funding, the
ISIS pulsed neutron and muon source (RB1990078, raw data
file available from doi 10.5286/ISIS.E.RB1990078-1), and the
Diamond Light Source Ltd. (EE18786 and CY25166) for the
award of beam time. We thank Dr. A. Baker and Dr. C. Murray
for support on I11. We are also grateful to the UK Materials
and Molecular Modelling Hub (MMM Hub), which is partially
funded by the EPSRC (EP/P020194/1 and EP/T022213/1),
for computational resources on the Thomas Young super-
computers, and to UCL for access to the Myriad (Myriad@
UCL) and Kathleen (Kathleen@UCL) supercomputers. Via
our membership of the UK’s HEC Materials Chemistry
Consortium, which is funded by the UK Engineering and
Physical Sciences Research Council EPSRC (EP/L000202,
EP/R029431, and EP/T022213), this work used ARCHER2
UK National Supercomputing Services.

■ REFERENCES
(1) Madden, P. A.; Wilson, M. 'Covalent’ Effects in ‘Ionic’ Systems.

Chem. Soc. Rev. 1996, 25, 339−350.
(2) Liimatta, E. W.; Ibers, J. A. Synthesis, Structure, and

Conductivity of the New Ternary Chalcogenide NbPdTe5. J. Solid
State Chem. 1988, 77, 141−147.
(3) Keszler, D. A.; Squattrito, P. J.; Brese, N. E.; Ibers, J. A.; Maoyu,

S.; Jiaxi, L. New Layered Ternary Chalcogenides: Ta2PdS6, Ta2PdSe6,
Nb2PdS6, Nb2PdSe6. Inorg. Chem. 1985, 24, 3063−3067.
(4) Keszler, D. A.; Ibers, J. A.; Maoyu, S.; Jiaxi, L. New Ternary and

Quaternary Transition-Metal Selenides: Syntheses and Character-
ization. J. Solid State Chem. 1985, 57, 68−81.
(5) Keszler, D. A.; Ibers, J. A. Synthesis and Structure of a New

Ternary Chalcogenide Nb3Pd0.72Se7; Interrelationships in the Packing
of Prisms and Planes. J. Am. Chem. Soc. 1985, 107, 8119−8127.
(6) Sunshine, S. A.; Ibers, J. A. Synthesis, Structure, and Transport

Properties of Ta2NiSe7 and Ta2PtSe7. Inorg. Chem. 1986, 25, 4355−
4358.
(7) Mar, A.; Ibers, J. A. Synthesis, Structure, and Physical Properties

of the New Layered Ternary Telluride TaPtTe5. J. Solid State Chem.
1991, 92, 352−361.
(8) Sunshine, S. A.; Ibers, J. A. Structure and Physical Properties of

the New Layered Ternary Chalcogenides Ta2NiS5 and Ta2NiSe5.
Inorg. Chem. 1985, 24, 3611−3614.
(9) Liimatta, E. W.; Ibers, J. A. Synthesis , Structure , Ternary

Chalcogenide and Physical NbNiTe5. J. Solid State Chem. 1987, 71,
384−389.
(10) Whittingham, M. S. Electrical Energy Storage and Intercalation

Chemistry. Science 1976, 192, 1126−1127.

(11) Burrard-Lucas, M.; Free, D. G.; Sedlmaier, S. J.; Wright, J. D.;
Cassidy, S. J.; Hara, Y.; Corkett, A. J.; Lancaster, T.; Baker, P. J.;
Blundell, S. J.; Clarke, S. J. Enhancement of the Superconducting
Transition Temperature of FeSe by Intercalation of a Molecular
Spacer Layer. Nat. Mater. 2012, 12, 15−19.
(12) Morosan, E.; Zandbergen, H. W.; Dennis, B. S.; Bos, J. W. G.;

Onose, Y.; Klimczuk, T.; Ramirez, A. P.; Ong, N. P.; Cava, R. J.
Superconductivity in CuxTiSe2. Nat. Phys. 2006, 2, 544−550.
(13) Lu, Y. F.; Kono, H.; Larkin, T. I.; Rost, A. W.; Takayama, T.;

Boris, A. V.; Keimer, B.; Takagi, H. Zero-Gap Semiconductor to
Excitonic Insulator Transition in Ta2NiSe5. Nat. Commun. 2017, 8,
14408.
(14) Okazaki, K.; Ogawa, Y.; Suzuki, T.; Yamamoto, T.; Someya, T.;

Michimae, S.; Watanabe, M.; Lu, Y.; Nohara, M.; Takagi, H.;
Katayama, N.; Sawa, H.; Fujisawa, M.; Kanai, T.; Ishii, N.; Itatani, J.;
Mizokawa, T.; Shin, S. Photo-Induced Semimetallic States Realised in
Electron-Hole Coupled Insulators. Nat. Commun. 2018, 9, 4322.
(15) Traum, M. M.; Margaritondo, G.; Smith, N. V.; Rowe, J. E.;

DiSalvo, F. J. TiSe2: Semiconductor, Semimetal, or Excitonic
Insulator. Phys. Rev. B 1978, 17, 1836−1838.
(16) Cercellier, H.; Monney, C.; Clerc, F.; Battaglia, C.; Despont, L.;

Garnier, M. G.; Beck, H.; Aebi, P.; Patthey, L.; Berger, H.; Forró, L.
Evidence for an Excitonic Insulator Phase in 1T-TiSe2. Phys. Rev. Lett.
2007, 99, 146403.
(17) Tomio, Y.; Honda, K.; Ogawa, T. Excitonic BCS-BEC

Crossover at Finite Temperature: Effects of Repulsion and
Electron-Hole Mass Difference. Phys. Rev. B2006, 73, 235108, .
(18) Kim, S. Y.; Kim, Y.; Kang, C. J.; An, E. S.; Kim, H. K.; Eom, M.

J.; Lee, M.; Park, C.; Kim, T. H.; Choi, H. C.; Min, B. I.; Kim, J. S.
Layer-Confined Excitonic Insulating Phase in Ultrathin Ta2NiSe5
Crystals. ACS Nano 2016, 10, 8888−8894.
(19) DiSalvo, F. J.; Chen, C. H.; Fleming, R. M.; Waszczak, J. V.;

Dunn, R. G.; Sunshine, S. A.; Ibers, J. A. Physical and Structural
Properties of the New Layered Compounds Ta2NiS5 and Ta2NiSe5. J.
Less-Common Met. 1986, 116, 51−61.
(20) Canadell, E.; Whangbo, M. Metallic versus Nonmetallic

Properties of Ternary Chalcogenides: Tantalum Metal Selenide,
Ta2MSe7 (M = Nickel, Platinum), and Tantalum Nickel Chalcoge-
nide, Ta2NiX5 (X = Sulfide, Selenide). Inorg. Chem. 1987, 26, 3974−
3976.
(21) Kaneko, T.; Toriyama, T.; Konishi, T.; Ohta, Y. Electronic

Structure of Ta2NiSe5 as a Candidate for Excitonic Insulators. J. Phys.
Conf. Ser. 2012, 400, 032035.
(22) Kaneko, T.; Toriyama, T.; Konishi, T.; Ohta, Y. Orthorhombic-

to-Monoclinic Phase Transition of Ta2NiSe5 Induced by the Bose-
Einstein Condensation of Excitons. Phys. Rev. B 2013, 87, 199902.
(23) Baldini, E.; Zong, A.; Choi, D.; Lee, C.; Michael, M. H.;

Windgaetter, L.; Mazin, I. I.; Latini, S.; Azoury, D.; Lv, B.; Kogar, A.;
Wang, Y.; Lu, Y.; Takayama, T.; Takagi, H.; Millis, A. J.; Rubio, A.;
Demler, E.; Gedik, N. The Spontaneous Symmetry Breaking in
Ta2NiSe5 Is Structural in Nature. Proc. Natl. Acad. Sci. 2023, 120, 1−
8.
(24) Seki, K.; Wakisaka, Y.; Kaneko, T.; Toriyama, T.; Konishi, T.;

Sudayama, T.; Saini, N. L.; Arita, M.; Namatame, H.; Taniguchi, M.;
Katayama, N.; Nohara, M.; Takagi, H.; Mizokawa, T.; Ohta, Y.
Excitonic Bose-Einstein Condensation in Ta2NiSe5 above Room
Temperature. Phys. Rev. B 2014, 90, 155116.
(25) Wakisaka, Y.; Sudayama, T.; Takubo, K.; Mizokawa, T.; Arita,

M.; Namatame, H.; Taniguchi, M.; Katayama, N.; Nohara, M.;
Takagi, H. Excitonic Insulator State in Ta2NiSe5 Probed by
Photoemission Spectroscopy. Phys. Rev. Lett. 2009, 103, 026402.
(26) Kim, K.; Kim, H.; Kim, J.; Kwon, C.; Kim, J. S.; Kim, B. J.

Direct Observation of Excitonic Instability in Ta2NiSe5. Nature 2021,
12, 1969.
(27) Nakano, A.; Sugawara, K.; Tamura, S.; Katayama, N.;

Matsubayashi, K.; Okada, T.; Uwatoko, Y.; Munakata, K.; Nakao,
A.; Sagayama, H.; Kumai, R.; Sugimoto, K.; Maejima, N.; Machida,
A.; Watanuki, T.; Sawa, H. Pressure-Induced Coherent Sliding-Layer

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c01510
Inorg. Chem. XXXX, XXX, XXX−XXX

J

https://orcid.org/0000-0002-4990-1307
https://orcid.org/0000-0002-4990-1307
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="B.+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5601-6130
https://orcid.org/0000-0001-5601-6130
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+O.+Scanlon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9174-8601
https://orcid.org/0000-0001-9174-8601
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01510?ref=pdf
http://10.5286/ISIS.E.RB1990078-1
https://doi.org/10.1039/CS9962500339
https://doi.org/10.1016/0022-4596(88)90101-6
https://doi.org/10.1016/0022-4596(88)90101-6
https://doi.org/10.1021/ic00213a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00213a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0022-4596(85)80061-X
https://doi.org/10.1016/S0022-4596(85)80061-X
https://doi.org/10.1016/S0022-4596(85)80061-X
https://doi.org/10.1021/ja00312a053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00312a053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00312a053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00244a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00244a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-4596(91)90343-G
https://doi.org/10.1016/0022-4596(91)90343-G
https://doi.org/10.1021/ic00216a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00216a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-4596(87)90246-5
https://doi.org/10.1016/0022-4596(87)90246-5
https://doi.org/10.1126/science.192.4244.1126
https://doi.org/10.1126/science.192.4244.1126
https://doi.org/10.1038/nmat3464
https://doi.org/10.1038/nmat3464
https://doi.org/10.1038/nmat3464
https://doi.org/10.1038/nphys360
https://doi.org/10.1038/ncomms14408
https://doi.org/10.1038/ncomms14408
https://doi.org/10.1038/s41467-018-06801-1
https://doi.org/10.1038/s41467-018-06801-1
https://doi.org/10.1103/PhysRevB.17.1836
https://doi.org/10.1103/PhysRevB.17.1836
https://doi.org/10.1103/PhysRevLett.99.146403
https://doi.org/10.1103/PhysRevB.73.235108
https://doi.org/10.1103/PhysRevB.73.235108
https://doi.org/10.1103/PhysRevB.73.235108
https://doi.org/10.1021/acsnano.6b04796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b04796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-5088(86)90216-X
https://doi.org/10.1016/0022-5088(86)90216-X
https://doi.org/10.1021/IC00271A003/ASSET/IC00271A003.FP.PNG_V03?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/IC00271A003/ASSET/IC00271A003.FP.PNG_V03?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/IC00271A003/ASSET/IC00271A003.FP.PNG_V03?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/IC00271A003/ASSET/IC00271A003.FP.PNG_V03?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1742-6596/400/3/032035
https://doi.org/10.1088/1742-6596/400/3/032035
https://doi.org/10.1103/PhysRevB.87.035121
https://doi.org/10.1103/PhysRevB.87.035121
https://doi.org/10.1103/PhysRevB.87.035121
https://doi.org/10.1073/pnas.2221688120
https://doi.org/10.1073/pnas.2221688120
https://doi.org/10.1103/physrevb.90.155116
https://doi.org/10.1103/physrevb.90.155116
https://doi.org/10.1103/PhysRevLett.103.026402
https://doi.org/10.1103/PhysRevLett.103.026402
https://doi.org/10.1038/s41467-021-22133-z
https://doi.org/10.1107/S2052252517018334
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Transition in the Excitonic Insulator Ta2NiSe5. IUCrJ 2018, 5, 158−
165.
(28) Matsubayashi, K.; Okamura, H.; Mizokawa, T.; Katayama, N.;

Nakano, A.; Sawa, H.; Kaneko, T.; Toriyama, T.; Konishi, T.; Ohta,
Y.; Arima, H.; Yamanaka, R.; Hisada, A.; Okada, T.; Ikemoto, Y.;
Moriwaki, T.; Munakata, K.; Nakao, A.; Nohara, M.; Lu, Y.; Takagi,
H.; Uwatoko, Y. Hybridization-Gap Formation and Superconductivity
in the Pressure-Induced Semimetallic Phase of the Excitonic Insulator
Ta2NiSe5. J. Phys. Soc. Jpn. 2021, 90, 074706.
(29) Kusmartseva, A. F.; Sipos, B.; Berger, H.; Forró, L.; Tutis,̌ E.

Pressure Induced Superconductivity in Pristine 1T-TiSe2. Phys. Rev.
Lett. 2009, 103, 236401.
(30) Squattrito, P. J.; Sunshine, S. A.; Ibers, J. A. Reactivity of

Ternary Chalcogenides. Solid State Ionics 1986, 22, 53−63.
(31) Thompson, S. P.; Parker, J. E.; Potter, J.; Hill, T. P.; Birt, A.;

Cobb, T. M.; Yuan, F.; Tang, C. C. Beamline I11 at Diamond: A New
Instrument for High Resolution Powder Diffraction. Rev. Sci. Instrum.
2009, 80, 075107.
(32) Williams, W. G.; Ibberson, R. M.; Day, P.; Enderby, J. E. GEM -

General Materials Diffractometer at ISIS. Phys. B 1997, 241-243,
234−236.
(33) Coelho, A. A. TOPAS and TOPAS-Academic: An Optimization

Program Integrating Computer Algebra and Crystallographic Objects
Written in C++: An. J. Appl. Crystallogr. 2018, 51, 210−218.
(34) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid

Metals. Phys. Rev. B 1993, 47, 558.
(35) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab

Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54, 11169.
(36) Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy

Calculations for Metals and Semiconductors Using a Plane-Wave
Basis Set. Comput. Mater. Sci. 1996, 6, 15−50.
(37) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B
1994, 50, 17953−17979.
(38) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the

Projector Augmented-Wave Method. Phys. Rev. B 1999, 59, 1758−
1775.
(39) Perdew, J. P.; Ruzsinszky, A.; Csonka, G. I.; Vydrov, O. A.;

Scuseria, G. E.; Constantin, L. A.; Zhou, X.; Burke, K. Restoring the
Density-Gradient Expansion for Exchange in Solids and Surfaces.
Phys. Rev. Lett. 2008, 100, 039902.
(40) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and

Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.
(41) Ganose, A. M.; Jackson, A. J.; Scanlon, D. O. Sumo: Command-

Line Tools for Plotting and Analysis of Periodic ab Initio
Calculations. J. Open Source Softw. 2018, 3, 717.
(42) Kavanagh, S. GitHub - SMTG-UCL/doped: Defect Orientated

Python Environment Distribution. https://github.com/SMTG-UCL/
doped (accessed 2022-09-21).
(43) Broberg, D.; Medasani, B.; Zimmermann, N. E. R.; Yu, G.;

Canning, A.; Haranczyk, M.; Asta, M.; Hautier, G. PyCDT: A Python
Toolkit for Modeling Point Defects in Semiconductors and Insulators.
Comput. Phys. Commun. 2018, 226, 165−179.
(44) Ong, S. P.; Richards, W. D.; Jain, A.; Hautier, G.; Kocher, M.;

Cholia, S.; Gunter, D.; Chevrier, V. L.; Persson, K. A.; Ceder, G.
Python Materials Genomics (Pymatgen): A Robust, Open-Source
Python Library for Materials Analysis. Comput. Mater. Sci. 2013, 68,
314−319.
(45) Larsen, A. H.; Mortensen, J. J.; Blomqvist, J.; Castelli, I. E.;

Christensen, R.; Dułak, M.; Friis, J.; Groves, M. N.; Hammer, B.;
Hargus, C.; Hermes, E. D.; Jennings, P. C.; Jensen, P. B.; Kermode, J.;
Kitchin, J. R.; Kolsbjerg, E. L.; Kubal, J.; Kaasbjerg, K.; Lysgaard, S.;
Bergmann Maronsson, J.; Maxson, T.; Olsen, T.; Pastewka, L.;
Peterson, A.; Rostgaard, C.; Schiøtz, J.; Schütt, O.; Strange, M.;
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