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Carrier-induced metal-insulator transition in trirutile MgTa,O¢
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Materials exhibiting metal-insulator transitions (MITs) are proposed platforms for next-generation low-power
electronics. Many of these materials exhibit strong coupling between the electronic and lattice degrees of free-
dom, which makes them ideal systems to examine the interplay between lattice dynamics, electronic structure,
and magnetic order. The rutile structure, featuring edge-connected octahedral chains along its ¢ axis, permits
metal-metal interactions that can induce metal-insulator transitions. Although the MITS in rutile-structured com-
pounds have been thoroughly studied, the derivative trirutile phase, which accommodates similar metal-metal
interactions, has yet to be examined in the context of MITs. Here we use density functional theory calculations
to investigate a carrier-driven MIT in trirutile MgTa, O, a d° insulator with a suitable axial ratio. Our calculations
suggest the existence of four distinct phases in MgTa,Og with increasing electron concentration: nonmagnetic
insulator, ferromagnetic (FM) metal, FM half-metal, and nonmagnetic insulator. We explain how the resulting
electronic phases arise from changes in atomic structure with increasing carrier density. Our results indicate that
trirutile oxides may be a promising materials class for which to access and functionalize MITs.

DOL: 10.1103/PhysRevMaterials.6.075007

I. INTRODUCTION

Materials hosting strongly correlated electrons remain of
immense interest owing both to persistent difficulty in mod-
eling their electronic structures and describing their related
phenomena, such as metal-insulator transitions (MITs) [1,2],
superconductivity [3,4], and colossal magnetoresistance [5],
used in engineered systems. The resistive switching behavior
present in MIT materials has a broad range of applications in
microelectronics [6]. Beyond the Mott-based transistor [7-9],
recent work highlights potential utility of the MIT in VO,
as a photodetector [10] and as a neuromorphic circuit ele-
ment [11].

In addition to electron-electron interactions, some MITs
are facilitated by changes in crystal symmetry. Given these
two driving forces, we can describe four relevant classes of
insulators: charge-transfer, Mott, Peierls, and Mott-Peierls.
Charge-transfer insulators are governed by Coulombic re-
pulsion between p and d orbitals, yielding a p-d energy
gap. Mott, or Mott-Hubbard, insulators are also governed by
Coulombic repulsion but between two d orbitals in neigh-
boring unit cells, yielding a d-d gap. Peierls insulators
possess a gap formed via symmetry breaking (often man-
ifesting as metal-metal dimerization), which stabilizes the
crystal by splitting a partially filled band into two bands, one
stabilized and filled and the other destabilized and empty.
Mott-Peierls insulators feature a combination of Coulombic
and symmetry-breaking forces. All insulators in these classes
can be metallized, so-called carrier-induced MITs, if their
driving force for insulating behavior is suppressed or over-
come.
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The rutile structure adopted by VO, for 7 > 340 K is
of particular interest because its edge-sharing chains of
octahedra are susceptible to the metal-metal dimerization
characteristic of Peierls and Mott-Peierls MITs. In rutile struc-
tures, the d° electronic state on the metal atom yields a
charge-transfer insulator with a p-d gap [Fig. 1(a)] while the
d' electronic state can support a Peierls insulator in which the
half-filled d, band splits into the filled &), band and the empty
dﬁ band [Fig. 1(b)] through metal-metal bonding. Several
well-known MIT materials, VO, and NbO, [12,13], as well
as computationally proposed MoON [14], all exhibit the rutile
structure and the characteristic dimerization.

The trirutile structure (A’A,Lg) is derived as an ordered
cation substitutional phase of the rutile structure by substitut-
ing a different A" cation species for every third cation, which
triples the unit cell along the ¢ axis, illustrated in Fig. 1(c),
while maintaining the tetragonal crystal system and two screw
operations in the space group P4,/m?2/n2/m (136) [15].
Notable trirutiles include A'Ta,Og (A" = Ti [16], Cr [17,18],
Fe [18], Co [18-20], Ni [18,21,22], Cu [23], Zn [24]),
A’Sb,06 (A’ = Cr [16], Co [19,22,25], Cu [25]), A’Bi,O¢
(A" = Mg, Zn) [26,27], WV,0¢ [12,28], and TeMn,O¢ [29].
While the cation pattern changes from --- A** — A* ... to
< AT — A5t — A’2* ... interrupting the quasi-1D chains
and preventing a Peierls-like transition, this superstructure
can still accommodate A3+ — A3+ dimerization and induce
an MIT for specific orbital fillings. Although MgTa,Os with
Ta>* (d° electronic configuration) has been synthesized and
characterized [18,24,30-35], its electronic structure has nei-
ther been extensively studied nor explored as a platform to
realize MITs through electron doping (d", n > 0). Motivated
by previous studies of carrier-driven MITs, e.g., La-doped
SrTiOs3 [36], we examine the atomic and electronic struc-
ture of trirutile MgTa,Og¢ for electron-doping levels ranging
from d° to d'. We find four electronic phases in MgTa,Os
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FIG. 1. Orbital diagrams for Ta-Ta pairs in (a) d° and (b) d'
MgTa,O¢ with Ta states in brown and oxygen states in red. (c) The
crystal structure of MgTa,Os with lattice parameters and important
distances labeled: dimer-bridging oxygen-oxygen distance (dpg), in-
tradimer metal-metal distance (dj.), and interdimer metal-metal
distance (diner). Ligands located at octahedral vertices are omitted
for clarity except the two oxygen ions (red spheres) located at the 4 f
site used to define dpp.

across doping, draw parallels between the electronic and lat-
tice properties of trirutile MgTa,Og and those of rutile VO,
and comment on the effect of the distinct A’ cation.

II. COMPUTATIONAL METHODS

We performed first-principles spin-polarized DFT calcu-
lations on MgTa,O¢ using the Vienna ab initio Simulation
Package (vASP) [37] with projector-augmented-wave pseu-
dopotentials [38,39] within the Perdew-Burke-Ernzerhof gen-
eralized gradient approximation (PBE) [40]. Calculations
including the Hubbard U correction used the method in-
troduced by Dudarev et al. [41], which features U as
the only parameter. Electronic structures were further as-
sessed using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
range-separated functional that includes fractional Fock ex-
change [42]. We found no significant spin-orbit interaction
effects, so the calculations presented here do not include
spin-orbit interaction. Further details can be found in Sec. IV
of the Supplemental Material [43]. For all calculations, we
use a 800 eV plane-wave cutoff and treat the core and va-
lence electrons with the following electronic configurations:
3523p° (Mg), 5p°6s'5d* (Ta), and 2s*2p* (O). Ionic relax-
ations were performed in pristine structures (without electron
doping) using an energy tolerance of 1077 eV and a force
tolerance of 1 meV A~!. We sampled the Brillouin zone with
a 6 x 6 x 3 I'-centered k-point mesh for MgTa,O¢ and 6 x
6 x 9 I'-centered k-point mesh for TaO,, both corresponding
to 1944 k points per reciprocal atom. We used the PHONOPY
package with a2 x 2 x 1 supercell and 0.01 A displacements
for pre- and postprocessing of the dynamical matrix [44]. We
parsed and visualized our results with the PYTHON package
PYMATGEN [45].

We simulated electron doping by modifying the number of
excess electrons in MgTa,Og¢ using the NELECT tag in VASP.
The resulting charge imbalance is automatically neutralized
by a uniform background charge. However, this work-around
introduces an unphysically large electronic pressure [46—49],
which can cause spurious overexpansion of the unit cell under
typical relaxation conditions. We avoid this issue by disal-
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FIG. 2. Electronic density of states (DOS) of MgTa, O, for elec-
tron concentrations (a) d°, (b) d°3, (c) d>%, and (d) d'. Magnesium
does not significantly contribute to the DOS near the Fermi level.

lowing electron concentration-dependent cell expansion; the
doped structures were obtained via fixed-volume relaxation
from the relaxed undoped structures, allowing dimerization
and evolution of the c¢/a ratio without spurious volume
changes. Volume effects from electron doping are examined
in further in Sec. I of the Supplemental Material [43].

III. RESULTS AND DISCUSSION

A. Carrier-induced electronic phases

Across the Ta d° to d' filling levels studied in MgTa,Og,
we identified four distinct phases distinguished by their
electronic, magnetic, and lattice dynamical character. Fig-
ure 2 presents their electronic structures: nonmagnetic
charge-transfer insulator, ferromagnetic metal, ferromagnetic
half-metal, and nonmagnetic insulator. The pristine phase of
MgTa,O¢ is a d° charge-transfer insulator with a valence
band composed of oxygen 2p states and a conduction band
composed of tantalum 5d states with admixture of oxygen 2p
states, as shown in the density of states in Fig. 2(a). The mag-
nesium 2p states are only weakly hybridized with the oxygen
bands, reflecting the ionic nature of the Mg-O interaction, and
do not significantly contribute to the electronic structure near
the Fermi level. Using the PBE functional, we calculated a
band gap of approximately 3 eV. Compared to experimental
measurements of 3.8 eV [50] and 4.34 eV [51], this gap
is consistent with underestimation typical of semilocal DFT.
Further analysis of electron correlation effects can be found in
Sec. II of the Supplemental Material [43].

At electron concentrations less than d°7, the additional
electrons cannot completely occupy an entire Ta 5d orbital
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FIG. 3. Atomic structure and majority-spin valence band charge
distributions of MgTa,O for electron concentrations of (a) d°3,
(b) d*%, and (c) d'. Charge localization in the Ta-Ta dimer occurs
with increasing electron concentration.

unless more than two Ta atoms per unit cell share the elec-
trons. Since the trirutile structure does not permit bonding
between more than two metal atoms, there is no driving force
for d electron localization below d%° filling. Instead, the d
electrons are delocalized in the conduction band [Fig. 2(b)].
With insufficient electrons to occupy a single d orbital on
each Ta-Ta pair, the electrons preferentially occupy one spin
channel, making the phase a ferromagnetic metal with a spin
moment that increases with both electron concentration and
Hubbard U. Note that we tested all possible antiferromag-
netic configurations compatible with2 x 2 x land 1 x 1 x 2
supercells, finding the ferromagnetic configuration to be the
ground state.

At the d%° concentration, we might expect a single
electron to localize across each neighboring Ta-Ta pair, in-
ducing a ferromagnetic half-metallic state. We find that this
metal-to-half-metal transition boundary is functional depen-
dent, occurring at an elevated level (near d%%°) for PBE
[Fig. 2(c)] and HSEO6, but occurring at d%> for PBE + U
with U = 3 eV (Fig. S2 [43]). In either case, this phase re-
quires understanding electron distributions among the chains
of edge-sharing octahedra along the ¢ axis with periodic
ordering of Ta-Ta-Mg cations, which we explore further
below.

Upon increasing electron concentration, we encounter a
critical level at which the potential energy for electrons lo-
calized in the Ta-Ta bond overcomes the kinetic energy for
delocalizing the electrons across both spin channels. In re-
sponse, one electron localizes in a d); orbital formed via
hybridization of the dy, orbitals of neighboring transition-
metal atoms as in VO, and NbO; [2,13], opening a band gap in
one spin channel. The other spin channel hosts the remaining
0.15 delocalized electrons per Ta, yielding a ferromagnetic
half-metallic state [Fig. 2(c)]. The formation of the d); orbital
in MgTa,Og is discernible in slices of the valence band charge
densities between Ta dimers (Fig. 3), which closely resem-
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FIG. 4. Effect of electron concentration on (a) dimerization,
(b) axial ratios, and (c) the dimer bridging oxygen-oxygen dis-
tance in MgTa,O6. (right panels) Corresponding data for the
rutile (solid line) and distorted (dotted line) phases of VO, [53]
and NbO, [54] are shown on the same ordinate for comparison.
The solid bars indicate the change in the structural parame-
ter upon undergoing the phase transition. The axial ratio in the
distorted structures is approximated using lattice constants and
the following conversions from distorted (D) to rutile (R) struc-
tures: VO,(P2,/c) — cg/ag = v/ab + ¢ + 2apcp cos B/(2bp) and
NbO, (141 /a) — cg/ar = cp/(V2ap).

ble the charge densities of NbO, presented by O’Hara and
Demkov [52].

Upon increasing the electron concentration further, addi-
tional electrons localize across the dimer until the hybridiza-
tion of neighboring d., bands forms a fully occupied singlet
d state. The evolution in the d,, orbital hybridization appears
in Fig. 3 where the electron density between the Ta-Ta dimer
increases drastically upon going from d%3 — d'. The energy
of the newly formed dj; band shifts to lower energy and a band
gap opens in both spin channels [Fig. 2(d) and illustrated in
Figs. 1(a), 1(b)].

B. Carrier-induced changes in atomic structure

Compared to the archetypal rutile MIT materials, VO, and
NbO,, MgTa,O¢ exhibits similar structural changes across
the MIT with a few key differences. Both trirutile and rutile
compounds exhibit three MIT-related structure modifications:
(i) dimerization, or shortening of the metal-metal distances
across a shared octahedral edge, (ii) change in the c/a axial
ratio, and (iii) elongation of the bridging oxygen distance of
an octahedral edge across the transition. Figure 4 shows the
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concentration dependence of these three structural features,
which we describe further below, and their nonlinear depen-
dence captures the onset of the carrier-induced MIT. Two
key structural differences include (i) crystallographic symme-
try reductions owing to the dimerization in rutile structures,
and (ii) the antipolar zigzag distortion in the rutile structures
are not found in trirutile structures such as n-type doped
MgTa,Og.

To compare dimerization between the rutile structure and
the trirutile structures, we define a generalized dimerization

as:
A= 2<dinter - dintra ) 7
dinter + dintra
where diper and diyy, indicate interdimer and intradimer metal-
metal distances, respectively, as shown in Fig. 1(c). We find
that dimerization increases across the transition in Fig. 4(a)
especially between d%3 and d%%, confirming that the dimer-
ization is directly coupled to the formation of the Ta-Ta bond
and d) orbital. Furthermore, the extent of the dimerization in
d' MgTa,Og is close to that which occurs in the well-known
d" rutile MIT materials NbO, and VO, [right panel, Fig. 4(a)].
We also note that A < 0 in our simulated trirutiles at low
doping. This behavior means the Ta cations are further from
each other than they are from the Mg cation owing to the poor
electrostatic screening of the Ta-Ta repulsion at low d filling.

Another important structural indicator in rutile compounds
is the axial (c/a) ratio. Hiroi proposed that the rutile structure
features an inherent structural instability causing susceptibil-
ity to a structural transition (and concurrent MIT for some
electron fillings) at a critical axial ratio near ¢/a ~ 0.625 [12].
The axial ratio can most easily be understood as a measure of
the relative lengths of the bridging O-O (dpg) and c-oriented
M-M bonds (diper and dipyra) shown in Fig. 1(c), which com-
pete owing to the herringbone connectivity pattern. Since
the bridging O-O bond and the transverse M-M bond drive
electron density, from O-p and M-d orbitals, respectively, into
the same location in real space, strengthening one weakens
the other. Furthermore, since the MIT in rutile oxides such as
VO, and NbO, depends on the M-M dimerization along the
c axis, the axial ratio sets the structural baseline upon which
the MIT occurs. Hiroi’s proposed critical axial ratio [12] thus
represents a tipping point at which the coupled electronic and
structural forces driving a dimerized, insulating state approxi-
mately balance those which drive a metallic state.

We compare the normalized axial ratio (c/3a) of trirutiles
to the axial ratio (c/a) of rutiles to evaluate whether this inher-
ent instability proposed for the rutile family has relevance in
the trirutile family. Figure 4(b) shows that undoped MgTa,O¢
features an axial ratio much larger than the critical value of
0.625, but as the electron concentration increases, the axial
ratio decreases. The effect is weak at first because the addi-
tional electrons remain delocalized. Concurrent with the first
electronic transition from metal to half-metal at 4%, the axial
ratio decreases much faster with additional electrons, crossing
the critical value near d%’. Comparing to Fig. 4(a), we note
a similar trend in the dimerization values with little change
until %%, At this value, the dimerization rapidly increases to
almost 10% and then continues to increase gradually to reach
a maximum at the insulating d' state.

c
a Ab
FIG. 5. The AL, rutile structure (left) cannot accommodate
dimerization within the P4/nmm space group due to the z-oriented
mirror plane. The blue and red arrows show the two possible dimer-
ization patterns compatible with the neighboring dimer, both of
which lift the mirror operation. The A’A, L trirutile structure (right)

preserves the mirror plane through A-site dimerization (black ar-
rows). Ligands located at octahedral vertices are omitted for clarity.

Confirming the coupling between the lattice and the elec-
tronic transition in MgTa,Og, we find that the bridging oxygen
distance across the transition-metal dimer, dpg, shown in
Fig. 4(c), increases and follows the dimerization as MgTa,O¢
is doped from a dY to d! insulator. This decrease in dpg
indicates that, like NbO,, MgTa,Og features a removal of
the bridging oxygen covalency via atomic separation as it
approaches the insulating state [2,12]. Since this occurs in
MgTa, O without a symmetry-breaking structural transition,
we confirm the idea that this bridging oxygen repulsion is
driven by the d) metal-metal bond formation. Furthermore,
the clear inverse correlation between dpg and the axial ratio in
MgTa, O suggests that, as in NbO,, the decreasing axial ratio
across the MIT is a result of the bridging oxygen separation
(causing octahedral expansion in the ab plane) in concert
with the expected Poisson contraction along the ¢ direction.
This structural picture is complicated in VO, where different
structural trends occur; the axial ratio increases across the
transition with very little change in dpg. These inconsistencies
are likely due to the zigzag V displacements (see Fig. 6) and
the stronger role of electron correlation in its MIT.

Despite the similarity of the dimerization between the ru-
tile and trirutile structures, the existence of additional Wyckoff
sites in the trirutile structure eliminates the symmetry-
breaking requirement. Table I shows that the rutile structure
(AL,) contains a single Wyckoff site each for the metal (A)
and ligand (L) species, whereas the trirutile structure (A’A;Lg)
possesses two Wyckoff sites each for the metal (A’, A) and
ligand (L) species. For dimerization to occur, the metal site
must not only be free to move in the z direction but also
antiparallel to its edge-connected neighbors. With only a
single Wyckoff site, the rutile structure cannot dimerize as
observed in the insulating phases of VO, and NbO, without
reducing its P4, /mnm symmetry. Figure 5 illustrates this con-
straint in a doubled rutile unit cell, the black arrows show the
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FIG. 6. Comparison of the lattice distortion across the MITs in
(a) VO, and (b) d' MgTa,Os. Black arrows indicate dimerization,
green arrows indicate zigzag distortion, and gray arrows indicate
bridging oxygen separation. Note that the zigzag distortion (green
arrows) in MgTa,Og is predicted to occur only if the doped structure
exceeds a critical volume.

dimerization pattern of the left-hand chain while the red and
blue arrows show two possible dimerization patterns for the
neighboring chain. However, both red and blue dimerization
patterns remove the mirror plane with a normal axis along
z in P4,/mnm (horizontal dashed line), indicating that the
rutile structure must lower its symmetry (at a minimum from
P4,/mnm to P42,m) to accommodate dimerization. In the
case of the trirutile unit cell, the intervening A" atom changes
the neighbor-chain offset such that interchain neighbor dimers
do not coincide in the ab plane. This lack of overlap means
that the mirror plane bisecting any given dimer does not in-
tersect with dimers in neighboring chains. Rather the mirror
plane bisects the A’ atom, which is located at the midpoint
between intrachain dimer neighbors, thereby preserving the
mirror operation across any dimerization. As a result, the
dimerization pattern in trirutiles (A’-A-A) differs from that
found in rutiles (A-A). This trirutile dimerization maintains
Peierls-like character if the intervening A’ cation is electroni-
cally inactive (here, Mg>").

The ability of the trirutile structure to undergo dimerization
without breaking the P4, /mnm results from the nonsymmor-
phic symmetries producing the neighbor-chain offset of the
transition-metal pairs along the edge-sharing chains. We gen-

TABLE 1. Comparison of the occupied metal (A" and A) and
ligand (L) sites in the rutile and trirutile structures. The reduced x
and z coordinates indicate free positions.

Structure Atom Site Symmetry Coordinates
. A 2a m.mm 0,0,0)
Rutil
uttie L 4f m.2m (x,x,0)
A’ 2a m.mm 0,0,0)
Trirutile A de 2.mm 0,0, zy)
L 4f m.2m (x1, x1,0)
L 8] ..m (XQ,)Cz,ZL)

eralize this relationship to all superstructural variants with
paired A sites, grouping them by their c-chain motif into those
with symmetry-preserving dimerization: [A’—]*"*!'A-A— and
those with symmetry-breaking dimerization: [A'—]*"A-A-,
for n € Z > 0. The pattern dependence of this isosymmet-
ric dimerization ability warrants further study of the other
Magnéli-like superstructures of the rutile structure, e.g., cation
patterns such as A'-A—, A’-A'-A-A—, A’'~A-A-A-, etc.

Beyond the structural indicators derived from cooperative
displacements, we further compare the displacive components
of the MIT in MgTa, O to those of VO, revealing the second
key difference between the two structures. In VO,, the MIT is
accompanied by two structural distortions: dimerization of V
cations within the edge-sharing chains of VOg¢ octahedra and
an antipolar zigzag distortion [2], as shown in Fig. 6(a). The
dimerization and zigzag distortions cooperatively stabilize the
bonding d), orbital and destabilize the antibonding 7* state,
respectively [12,55]. As seen in Fig. 6, the zigzag distortion
produces further V off centering in the direction perpendicular
to the V-V chains. Not only does this off centering destabilize
7* states by reducing overlap between V-d,._,» and O-p,/,
orbitals, it also allows the bridging oxygen atoms of neighbor-
ing chains to displace further apart, thereby further reducing
the overlap of the bridging oxygen p orbitals. This reduced
overlap allows for enhanced dimerization of the V4* cations
[Fig. 6(a)], and therefore further stabilizes the d} band [12].
Although the dimerization bears direct responsibility for split-
ting the d,, band, current evidence points to the cooperative
zigzag distortion being necessary for the full occupation of
the d); orbital and therefore the MIT [2,55].

For contrast, MgTa,O¢ requires no zigzag distortion to
achieve an insulating state [Fig. 6(b)]. In Fig. S3 [43], we
show the phonon spectrum in the (001) plane for four repre-
sentative electron concentrations. We find in all phases except
the FM half-metallic phase, the structure is dynamically sta-
ble. The instability calculated in the d%% system is not a
zigzag distortion but instead resembles the M2 phase of VO,,
with dimerization and full singlet-state formation occurring
in only half of the edge-sharing chains. While this indicates
that M2-like phases can exist in trirutiles, we found the lat-
tice distortion to be favorable at only very small amplitudes
and offer very little energy decrease to the system (about 4
meV/atom). The key difference between d! MgTa,O¢ and
VO, is the absence of an unstable zigzag mode in the phonons.
Although VO, requires the zigzag displacements to fully open
the band gap, d' MgTa,O¢ requires no such distortion, in-
stead achieving an insulating state within tetragonal P4, /mnm
symmetry.

C. Accessing the electronic phases

We propose several strategies, such as chemical doping,
photodoping, and strain, to access the aforementioned carrier-
controlled phases. A’-site substitution, anion substitution, and
oxygen vacancies all have the potential to increase the elec-
tron concentration in MgTa,Og. Examples of such doping in
rutiles include tungsten doping in VO, [56], titanium doping
in NbO, [57], nitrogen doping in MoO, [14], and oxygen
vacancies in TiO, [58]. In trirutiles, substitution of trivalent
cations such as AT, Fe3*, Mn?*, S¢**, Yb*t, and Ga** for

075007-5



KYLE D. MILLER AND JAMES M. RONDINELLI

PHYSICAL REVIEW MATERIALS 6, 075007 (2022)

1.75 — &€= -0.02
150 — £=0.0

195 — £=0.02

u

V f

2100
e

n 0.75
2 ~—d d
Zoso I I

0.25

0.00
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5

E - Ef (eV)

FIG. 7. Electronic DOS projected on the d; orbitals for three
levels of uniaxial tensile strain (¢) along the ¢ axis for d! MgTa,O.
The black arrow indicates the shift in orbital states upon going from
compressive (¢ < 0) to tensile (¢ > 0) strain.

Mg?* could contribute a free electron to the conduction band
states provided these dopants are shallow donors. Similarly,
substitution of monovalent anions such as F~, C1—, Br—, and
I~ for oxygen and oxygen vacancies could further contribute
one and two free electrons per defect, respectively. Atomic
simulations by Tealdi ef al. predict that A’-site doping will be
difficult to achieve in MgTa,Og since trivalent cations prefer
to occupy the A site [59]. Oxygen vacancies, on the other
hand, have already been observed in MgTa,O¢ [60]. However,
Tealdi et al. predict that the 4 f oxygen sites [those spanning
dpp in Fig. 1(c)], are the most favorable vacancy site [59].
The effect of such vacancies on dimerization in trirutiles is an
open question and left for future work. Photodoping may be
used either alone or in conjunction with chemical doping to
access the three phases in MgTa,Og, because it has been used
to trigger and explore the MIT in VO, [61-64].

Beyond controlling the electron concentration, mechanical
strain provides a route to change energies of certain electronic
bands and thereby exert finer control over electronic proper-
ties. Strain effects are important not only as a response of
a thin film deposited heteroepitaxially on a substrate, but a
demonstrated strategy to tune the energy and bandwidths of
the d); bands and the metal-insulator transition temperature in
VO, [65-68]. Figure 7 shows the bonding d|| orbital below the
Fermi level and the antibonding d}} orbital between 2 and 4 eV.
Despite the intervening Mg atom in the octahedral chains,
trirutile MgTa,Og exhibits similar strain-dependent changes
in its electronic structure found in VO, [66]. The dﬁ orbital
is stabilized by uniaxial tensile strain and destabilized by
compressive strain relative to the bonding d), orbitals. This
similarity indicates that the MIT behavior persists through
small strains in trirutile oxides as in rutile oxides, opening
avenues for similar thin film applications. More details about
strain at different electron concentrations can be found in
Sec. V of the Supplemental Material [43].

D. A’-site effects

Given that the trirutile structure is a superstructural variant
of rutile, the only fundamental difference between TaO, and
MgTa,Og is the Mg on the new A’-site position. In addition
to enabling symmetry-preserving dimerization as discussed
in Sec. III. B, the most notable effect of the intervening Mg
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FIG. 8. Comparison of the electronic DOS for (a) d' MgTa,Og
and (b) rutile TaO, upon enforcing a dimerization of similar magni-
tude to that present in d' MgTa,O.

atoms is the confinement of the dj; band. In Fig. 8, we find that
the dj| (valence) bandwidth shrinks from ~0.7 eV to ~0.4 eV
upon making the ordered Mg, substitution that converts rutile
TaO, to trirutile MgTa,Og. This confinement effect can be
attributed to the loss of the long Ta-Ta interaction, which is
present in the A—A dimerization pattern but missing from the
A’-A-A pattern in trirutile. We can qualitatively frame this
effect as the result of restricting electron hopping between
neighboring Ta atoms. From TaO, to MgTa,Og, the maxi-
mum Ta-Ta distance along the quasi-1D chains increases from
2.89 A 0 3.87 A.

IV. CONCLUSION

We described the electronic, structural, and lattice dynam-
ical behavior across electron doping in MgTa,Os, spanning
the continuum between the simple d° charge-transfer insulator
and the d' dimerized insulator. We drew parallels between
the MIT in trirutile MgTa,O¢ and those that occur in the
well-studied rutile oxides VO, and NbO,. We focused on the
changes in dimerization along the ¢ axis, formation of a d|,
orbital from neighboring transition-metal d,, states, axial ratio
near 0.625, suppression of bridging oxygen covalency across
the MIT, and d}| tuning via uniaxial strain. We also highlighted
several differences between the rutile and trirutile structures,
most notably symmetry-preserving dimerization in trirutiles,
the absence of a concurrent zigzag distortion, and (contrasting
VO,) the minimal role of electron correlation in the opening of
the band gap in MgTa,Os. We propose that trirutile oxides and
other superstructural variants of rutile oxides show promise
as a new materials prototype from which to design MITs
with greater chemical flexibility. We suggest strain, chemical
doping, and photodoping as methods for accessing the rich
electronic phase space of MgTa,Og and other trirutiles.
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