PHYSICAL REVIEW B 109, 235136 (2024)

Orbital-selective electronic localization in dimerized NbO,: From Peierls to Mott
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We present a theoretical investigation of the #,, electronic structure reconstruction of body-centered-tetragonal
(bet) NbO, employing a combination of density functional theory and dimer-embedded dynamical mean-field
theory calculations. We describe the electronic structure of the insulating phase of bect NbO, and propose an
orbital-selective mechanism for the gap opening. The resulting insulating state of the dimerized x?-y* orbital
along the rutile ¢ axis is shown to be adiabatically connected to an entangled Mott-Peierls insulator, but the true
nature of insulating bct NbO, compared with experiment is better characterized as a Mott localized electronic
state due to strong dynamical intrasite multiorbital correlations. Our orbital-selective, strong-coupling scenario
could be tested in future studies of NbO, Mott memristors for neuromorphic computing.
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I. INTRODUCTION

A problem of fundamental importance in the field of Mott
materials and associated insulator-to-metal [1] process(es) is
to understand why itinerant electrons, which interact with
one another via Coulomb interactions, suddenly transform the
mobile electronic state into an insulator in which the electrons
are bound to individual atomic or lattice sites. Historically,
lot of effort has been made to precisely characterize this
transition [2]. Extant developments following the discovery
of high-T, cuprates have considerably enriched this issue and
led to major reassessments in our view of Mott insulators. [2]

Among the increasing number of transition-metal oxides
showing first-order metal-insulator instabilities [2,3], one of
the most prominent examples within the transition-metal
dioxide family is VO,, which undergoes a first-order metal-
insulator transition with decreasing temperature [4]. The
high-T metallic phase has a tetragonal rutile-type structure,
which is reduced to monoclinic at the first-order transition oc-
curring around 340 K [2]. The crystal structure of rutile VO, is
formed by equally spaced vanadium atoms sitting at the cen-
ter of edge-sharing oxygen octahedra that form linear chains
along the rutile ¢ axis. The tetragonal crystal field splits the 3d
manifold into two higher e, and three lower #,, levels. In the
3d! electronic state, the single valence electron of vanadium
can therefore occupy any of the three #,, orbitals, i.e., the sin-
glet a;, and doublet ¢ orbitals. The monoclinic phase, on the
other hand, is characterized by an antiferroelectric displace-
ment [5,6] of each vanadium away from the center of the octa-
hedra, and the linear chains become zigzag and start to dimer-
ize [7]. According to Ref. [8], the basal-plane component of
the antiferroelectric distortion raises the energy of the ¢ or-
bitals with respect to a;,. Moreover, the linear chain distortion
along the rutile ¢ axis, which drives the chain dimerization,
opens a gap between bonding and antibonding combinations
of the a, orbital sector. Thus, for a sufficiently large crystal-
field splitting the bonding combination of a;, fills completely,
while the antibonding combination and e; become empty,
giving rise to the insulating electronic state. According to this
viewpoint, [8] the metal-insulator transition in VO, relies on a
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single-particle description, in which, due to the Peierls insta-
bility, the quasi-one-dimensional a;, band becomes half filled
while the eg orbitals are nearly fully polarized via enhanced
crystal-field effects. However, how robust this one-band pic-
ture is to dynamical effects arising from short-range, intersite
correlations as well as to changes in orbital polarization via
the interorbital proximity effect induced by U’ and Jy (see our
discussion below) remains an open problem. This is partially
caused by the fact that Mott-Hubbard (dynamical correlations)
[1,9] and Peierls (structural distortion) [8] physics are un-
derstood to play essential roles and possibly to interact in
this transition since the lattice distortion appears to be aided
[6,10,11] by the presence of strongly correlated electronic
states in close proximity to Mottness [12—-14].

Historically, the metal-insulator transition in VO, has long
been the subject of a lively controversy, and whether it is
dominantly a Mott transition [9] or one driven by lattice
dimerization effects arising from structural effects [8] that
promote the dimer pairing along the ¢ axis of the rutile
phase [15] remains hotly debated. It is noteworthy that a soft-
x-ray absorption spectroscopy studies have found a sudden
change in the #,, orbital occupations across the orbital-assisted
metal-insulator transition in VO, [16], suggesting that mul-
tiorbital (MO) degrees of freedom also play an important
role within the monoclinic phase of VO, [6,12,17]. In this
work we show that a dynamically reconstructed many-particle
electronic state induced by MO electron-electron interactions
[18,19] plays a central role in determining the orbital-selective
nature of the distorted rutile [body-centered-tetragonal (bct)]
phase of NbO,. Specifically, based on density functional
plus dynamical mean-field theory (DFT+DMFT) [20] cal-
culations, we show how the active 4d orbitals of bct NbO,
[21,22] are reshaped due to sizable electron-electron interac-
tions. In contrast to earlier studies [18,23-26], the question
we address here is how the electronic structure of bct NbO,
[21,22] is reconstructed by the interplay between antiferro-
electric displacements [27] and MO dynamical correlations
[19], showing the emergent orbital-selective electronic local-
ized phase.
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NbO, undergoes a metal-insulator transition at temper-
atures between 810 and 1081 K [3,25,28], which comes
along with a structural transition from the low-temperature,
insulating distorted rutile (/4;/a) to a metallic regular rutile
(P4, /mnm) structure [29]. Similar to VO,, the structural tran-
sition in NbO, is accompanied by the formation of Nb-Nb
pairing along the ¢ direction due to the antiferroelectric tilt,
which leads to a Peierls dimerization in the electron localized
state. Thus, motivated by earlier studies [6,12,16], in a recent
work we considered the insulator-metal transition of NbO, as
a Mott-Hubbard transition triggered by large spectral changes
accompanying small changes in the antiferroelectric distortion
[30]. Good qualitative agreement with both the switch in or-
bital occupations and the one-particle spectral function seen
in experiment was found. In particular, an orbital-selective
electronic state was predicted to emerge without Fermi liquid
quasiparticles. While this could explain the incoherent, pseu-
dogaplike metallicity seen in rutile NbO, [25], it could not
capture nonlocal dynamical effects associated with dimeriza-
tion in the bct phase, an effect described using a combination
of DFT and embedded cluster-DMFT methods in Ref. [18].
Interestingly, due to the absence of poles (as in classical
Mott insulators) [11] in the frequency dependence of the
self-energy’s imaginary parts, it was suggested in Ref. [18]
that in the insulating bct phase, once the dimerization oc-
curs, the Mott instability is arrested and, therefore, it should
be interpreted as a correlation-enhanced Peierls transition
[10]. However, a more recent study [19] concluded that the
insulating state of baddeleyite-type NbO,, a distorted ZrO,-
type structure, is dominantly driven by electronic correlation
effects. These combined studies have spawned an interest-
ing question: Is Mott physics or correlation-assisted Peierls
dimerization the basic driving force for the insulating state in
bct NbO,? Here, we shed light on this problem, showing the
electronic structure evolution with increasing MO electron-
electron correlation effects on the dimerized bct phase of
NbO,, which is relevant for future Mott memristors [31].

For the sake of clarity, we note here that NbO, is regarded
as a promising material for applications in memory devices
[32] and neural-inspired computing [33]. As discussed in
Ref. [19], the neuromorphic computing principle was moti-
vated by the discovery of Mott-based memristors that replicate
the voltage triggered switching behavior observed in biolog-
ical ion channels that enabled a physical neuristor circuit to
be built [34]. NbO, memristors are known to successfully
replicate the rectification observed in voltage-gated biological
ion channels [35] and the hysteresis necessary for operation
of the neuristor circuit [34], supporting the view that NbO,
is a promising candidate system for future neuromorphic
computing [31].

The evolution of electronic spectra and band gap formation
across the metal-insulator transition in NbO, has been exper-
imentally explored in recent years [25,26,36]. Reference [25]
showed a metallic state with pseudogaplike features at low
energies evolving into a localized state at lower temperature.
In the insulator, the 4d valence band is narrowed and shifted
downward by approximately 0.4 eV across the structural
phase transition, which, according to Ref. [25], is a Peierls-
driven metal-insulator transition. In this work we follow the
route outlined in Ref. [18] to study the correlated electronic

structure reconstruction of bct NbQ,. From an analysis of
the results we propose a many-body picture of the strongly
correlated insulating state in this system. It is based on the an-
tiferroelectric displacement of the NbOg octahedra which (for
a given total occupation of 1, orbitals) is renormalized by MO
electron-electron interactions, resulting in changes in orbital
occupations and orbital polarization not outlined in Ref. [18].
We also show how good quantitative agreement with the
integrated photoemission and inverse-photoemission spectra
is also obtained within our dimer-embedded DFT+DMFT
framework.

II. THEORY AND RESULTS

To treat Nb-Nb pairing along the ¢ direction [18,21,22] in
bet NbO, we consider the dimer Hubbard model [37], which
is a natural extension of the single-band Hubbard model. The
dimer Hubbard model is known to capture the competition
between Mott localization due to intrinsic Coulomb repul-
sion and singlet dimerization, i.e., the Peierls localization.
The key feature is that in the one-band case there is a sin-
gle site in the unit cell, while in the dimerized case there
is a Mott-molecular dimer [38]. This leads to a system in
which two copies of the Hubbard model are coupled at ev-
ery site by an intradimer hopping ¢; [39,40]. In the limit
of r; — 0 the two copies become independent, and one re-
covers the physics of the conventional single-site Hubbard

model [41].
The dimer Hubbard model in terms of second
quantization operators is defined as [39,40,42] H =

[_t Z(i,j),a,a Cia,aci»“va +1L Zi,l(r Czl,acivzva + HC] +
Uiy NiwtNia,|» Where (i, j) denotes the nearest-neighbor
lattice sites, o = 1,2 denote the dimer orbital within
a given site, o 1is the spin, ¢ is the lattice hopping,
and U 1is the on-site Coulomb repulsion. With these
caveats, the corresponding free electron (U = 0) retarded
Green’s function for the x?-y?> orbital of bct NbO, can be
written as G (w, k) = [£,(w) — Eﬁ%) — £o_p(K)]"". Here,
Ex(w)=w+i0" + 1 — &4, &, is the on-site energy of the
dimer orbital o [42], a, B =1, 2, g,2_»(K) is the rutile bare
band dispersion of the x2-y? orbital [21], and p is the chemical
potential. To ensure that the leading edge of the dimerized
bonding band (see the results below) is located exactly below
the Fermi level (Ef = w =0) we set &, =g =0.35¢V,
implying that &, () = &g(w).

The bare Green’s function above describes the noninter-
acting limit of the Hubbard dimer [37] composed of two
bands which, like in the periodic Anderson model [41,43], are
locally hybridized via ¢, at every lattice site. Thus, starting
with the unperturbed rutile electronic structure [21] at finite
t,, this leads to a direct bonding-antibonding band splitting,
as shown in Fig. 1. This is the Peierls-like mechanism, as it is
driven by the increase in the intradimer hopping amplitude 7, ,
where dimers in the unit cell form a molecular bond that locks
the conduction electron degree of freedom [8]. While within
DFT [21,22] the bonding band is half filled, we find within
our Green’s function treatment a smaller band filling n,>_»
0.7, suggesting that hidden multiband proximity effects not
considered within our framework might be relevant for bct
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FIG. 1. Comparison of DFT spectra taken from Refs. [21] (main
panel) and [22] (inset) and our result for the dimerized density of
states (DOS) of the x?>-y? orbital of body-centered-tetragonal (bct)
NbO,. (The DFT DOS of rutile NbO, is shown for comparison in
the main panel). Note in the inset the good agreement for the bare
band gap size for the dimerized x2-y? orbital of bct NbO,.

NbO;. Earlier studies on VO, also suggested that the metal-
insulator transition results predominantly from the increased
p-d overlap stemming from the antiferroelectric distortion of
the VOg¢ octahedra [5]. In Fig. 1 it is also worth noting the
width of the bonding band, which is slightly larger than for
the DFT results. However, as seen in the inset of Fig. 1 our
choice of ¢, correctly accounts for the bonding-antibonding
gap size obtained in Ref. [22], providing support for our
Green’s function formalism for the dimerized x*-y* orbital of
bet NbO,.

To explore orbital selectivity in bct NbO, we use orbital-
resolved DFT results for the metallic crystal structure [21],
with lattice constants and atomic positions obtained for a
rutile-type structure [29], as input for DFT+DMFT [19].
Within our formalism the projected DOS in Fig. 2 for U = 0
shows that the (higher in energy) xz and yz orbitals in this
4d' compound have appreciable spectral weight near Er. In
contrast to Refs. [21,22], in which the xz and yz orbitals of bct
NbO, were found to be almost fully polarized, here, we keep
them metallic to account for the correct total one-electron
band filling n of the 4dt,, shell (n1,,) of NbO,. An interest-
ing aspect in the bare DFT DOS we use here as input for
DFT+DMFT calculations [19] is the nearly one-dimensional-
like dispersion of the x?-y? orbital parallel to the rutile c axis,
[21] as shown in the main panel of Fig. 1. Moreover, as seen in
Fig. 2, the bare dispersion of the xz orbital is characterized by
a single broad structure, while the yz DOS displays a structure
with two maxima, one slightly above Er and the other at
1.9 eV. How these 1,, electronic channels with nearly metal-
lic (xz, yz) and ¢, -induced x?>-y* bonding-antibonding bands
are reshaped by the interplay between antiferroelectricity and
local many-particle correlations is our focus here.

Like in Refs. [19,30], local MO interactions in NbO, are
contained in Hy =U ) ;  Miattia, + U’ Zi,a# nialip —
Jy Zi,#b Sia-Sip, where a= (x’-y*,yz,xz) denote the
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FIG. 2. Orbital-resolved DOS of bct NbO,, showing its evolu-
tion for different values of the Coulomb interaction U and the trial
antiferroelectric displacement & [12]. Apart from orbital selectivity,
a particularly interesting feature is the emergence of lower Hubbard
bands on all £,, orbitals and the robustness of the dimerized one-
particle band gap to small changes in U and ®. (The unperturbed
DFT bare DOS used as input for DFT4+DMFT calculations is taken
from Ref. [21]). Here, all DFT+DMFT(MO-IPT) spectral functions
are computed at zero temperature.

diagonalized f,, orbitals of rutile NbO, [21] and, as in
H above, U is the intraorbital Coulomb repulsion, U’ =
U — 2Jy is the interorbital Coulomb interaction term, and
Jy is Hund’s coupling. Given the complexity of the MO
problem, with diagonal and off-diagonal lattice Green’s func-
tions and self-energies [44], here, we work in the basis
that diagonalizes the one-particle density matrix. In this
basis interorbital one-electron overlap is zero, so in the
paramagnetic phase we have G, ,(®) = 8,,G40 (@) [45].
We evaluate the many-particle Green’s functions G,(w, k) =
[ (w) — &t(—iw)(sa,xz,yz — &,(K)]7! of the 2, MO Hamiltonian
of bct NbO, within DFT+DMFT [20]. Here, §,,2_,> typ-
ify the dimer-embedded MO DFT+DMFT framework, and
&, =w+i0" +u—¢e, — Zu(w) [46]. As in Refs. [19,30],
the many-particle problem of bct NbO; is treated using the
MO iterated perturbation theory (MO-IPT) as an impurity
solver for DMFT [43], which accounts for local intrasite and
MO (both static and dynamic) renormalizations on the bare
(U = 0) spectral functions shown in Fig. 2. The equations for
the MO-IPT self-energies ¥,(w) can be found, for example,
in Ref. [43], so we do not repeat the equations here. This
real-frequency perturbative ansatz has a proven record of good
semiquantitative agreement with experiment for a range of
correlated materials, and it gives results in qualitatively agree-
ment with numerical exact continuous-time quantum Monte
Carlo calculations for the tetragonal FeSe superconductor
[47], in spite of the fact that fully charge self-consistent
DFT+4DMFT calculations are presently unreachable within
our scheme.

Let us now discuss our DFT+DMFT results obtained
within the d' electronic configuration of the bct NbO, parent
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FIG. 3. Orbital-resolved DFT+DMFT DOS of bct NbO,, show-
ing its evolution with increasing U at fixed ®. A particularly
interesting feature is the large spectral weight transfer with increas-
ing U. Apart from Mott (xz, yz) and assisted Mott-Peierls (x>-y?)
electron localization, a relevant feature is the spectral weight transfer
on all orbitals with increasing U and the reversal of orbital polariza-
tion between the xz and x2-y? orbitals at U = 4.5¢eV.

compound. In Fig. 2 we display the effect of electron-electron
interactions on the active xz-yz, xz, and yz orbitals of bct
NbO,. According to our DFT+DMFT results, at U = 2.5eV
(and Jy = 1.0eV) [48] bct NbO; is metallic, with all 7, or-
bitals showing spectral weight at Er. As in Ref. [26], electron
correlations were found to distribute electrons more evenly
among the three #,, orbitals, a characteristic akin to the interor-
bital proximity effect induced by U’ and Jy;. Thus, in order to
reduce correlation-driven orbital depolarization effects [49],
we consider in our self-consistent many-particle scheme the
role played by antiferroelectric displacement ® along the ¢
axis [27], which enhances the splitting of the 7, orbitals at
the local level [9,12]. Thus, starting with a trial value of
&=, #0.0 (and D, ,, = 0.0), MO correlations have
two important effects in this situation. Given a trial value of @,
interorbital interactions renormalize its bare value via Hartree
shifts, inducing changes in the orbital occupations and, more
importantly, large changes in spectral weight transfer (driven
by the dynamical nature of strong local correlations) upon
small changes in @, as shown Fig. 2. It is clear in Fig. 2 that for
® = —0.6eV the Peierls-like insulating state is restored with
the concomitant downshift of the x>-y? one-particle spectral
function and enhanced incoherent lower Hubbard band fea-
tures at energies close to 1.5 eV binding energy. An additional
interesting feature that can be seen in Fig. 2 is the degree
of electron correlation effects on the active t,, orbitals of bct
NbO,. At U = 2.5¢V, the x>-y? orbital is found to be the less
correlated one, due to dimerization-induced enhancement of
the bare bandwidth W,._,. effectively reducing the correlation
to a bandwidth ratio in this orbital sector. The opposite trend
holds true for the xz orbital, giving rise to an orbital-selective
Mott localized state at U = 2.5eV.

For a more detailed analysis of dynamical MO correlation
effects in bct NbO,, in Fig. 3 we display the changes in
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FIG. 4. Theory and experiment comparison between the
DFT+DMEFT results and hard x-ray photoelectron spectroscopy
(HAXPES, downward triangles) and x-ray photoelectron
spectroscopy (IPS, wupward triangles) measurements taken
from Refs. [25,52], respectively. Note the good qualitative
theory-experiment agreement for the peak position of the lower
Hubbard band close to —1.2 eV, as well as the upper Hubbard
band main peak position at 2.5 eV for U = 5.0eV, which almost
coincides with experiment. DFT+DMFT (CT-QMC) total valence
band spectra [18] are also shown for comparison. [The HAXPES
and DFT+DMFT (CT-QMC) curves have been normalized so that
they have the same intensity.]

the orbital-resolved spectral functions induced by increasing
U from 2.5 to 4.5 eV with fixed ® = —0.6eV. As seen in
Fig. 3, MO electronic correlations lead to large modifications
of the correlated spectra, in particular for the xz orbital which
shows enhanced spectral weight transfer below Ep that is a
consequence of the intricate interplay between the correlation
and structural aspects in MO systems [30,50]. As seen in
the bottom left panel of Fig. 3, while the yz orbital loses
its spectral weight, the DFT+DMFT solution obtained for
U=4.5eV and ® = —0.6eV is characterized by a rever-
sal of orbital polarization between the x>-y*> and xz orbitals
[51]. The latter shows enhanced spectral weight below Ep,
which is visible in top left panel of Fig. 3. It is also worth
noting the near suppression of the Peierls-like band gap in
the x2-y? orbital for U = 3.5eV, given the trend toward en-
tangled Mott-Peierls localization with increasing U. Thus, as
seen in Fig. 3, the correlation-induced interorbital proximity
effect results in orbital-dependent redistributions of electron
occupations and spectral weights, which pushes bct NbO, into
an orbital-selective insulating state with coexisting Mott lo-
calized (xz, yz) and entangled Mott-Peierls (x>-y?) electronic
states.

To compare our DFT+DMFT results to published ex-
perimental data [25,52], we repeat our calculation for ® =
—0.6eV using 4.8 < U <5.0eV and Jy = 1.0 eV. The
higher U is consistent with the effective strength parameter
Uegt = U — J =5.0eV reported in Ref. [53]. In Fig. 4 we
show our results for the one-electron spectral function along
with continuous-time quantum Monte Carlo (CT-QMC) [54]
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and the experimental [25,52] results. First, looking at the total
valence band DOS result for bct NbO, from Ref. [18], we find
that a good fit to the main peak of the hard x-ray photoelectron
spectroscopy (HAXPES) spectrum for the bct phase of NbO,
[25] is possible only upon a downward shift of the CT-QMC
curve by 0.3 eV. On the other hand, as seen in Fig. 4, good
qualitative agreement with experiment below 1.0 eV binding
energy is observed in the MO-IPT solution for U = 5.0eV.
In particular, the energy position of the lower Hubbard band
(LHB) at —1.2 eV and the line shape of the total DOS up to
2.5 eV binding energy is in good qualitative agreement with
experiment. Moreover, to further demonstrate the important
role played by dynamical many-particle interactions in Fig. 4
we also compare our DFTH+DMEFT results with extant inverse
photoelectron spectroscopy (IPS) data for NbO, films [52].
Although not perfect, our result for U = 5.0eV qualitatively
reproduces the shoulder feature centered around 2.5 eV above
Er in experiment, providing additional support for our orbital-
selective electronic structure reconstruction of bct NbO,.
Taken together, although the structural transition [29] in
NbO; could be purely of the Peierls type, where dimeriza-
tion between atoms occurs due to the instability associated
with a quasi-one-dimensional chain of Nb atoms, the precise
mechanism of this transition is not yet completely understood
[24]. However, like for VO, [55], it has now been accepted
that dimerization of the Nb ions along the ¢ direction in
distorted rutile naturally leads to the formation of a band
gap in the low-T electronic structure [21,22,25,56] in the
framework of a bonding-antibonding splitting [8]. But how
this dimer-driven bare insulating state [57] is reshaped by
dynamical electron-electron interactions remains a lively open
problem of fundamental importance [10,18,39,40]. As already
mentioned, similar to that in VO, [16], the insulator-metal
transition in NbO; is predicted to be characterized by a sudden
jump [30] in the orbital populations as a consequence, sug-
gesting that anisotropic structural changes will accompany the
metal-insulator transition. Thus, we propose that the changes
in n, control anisotropic changes in lattice parameters across
the insulator-metal transition: These changes are expressible
in terms of n, as y, = Al?/l1¢ = (#)Ana [58], where g is
the electron-phonon coupling consta;ﬂlt, M is the ion mass,
and v, is the velocity of sound along a (= x, y, z). Changes
in y, across the metal-insulator transition thus follow those

in n,. This electron-lattice response, together with the Mott
localized features shown in the large-U limit in Figs. 3 and 4,
must be taken as an affirmative answer to the chicken-or-the-
egg-type debate [6,59] about which comes first, the electronic
localization or the lattice distortion in the real crystal. The
correct trend vis-a-vis the experiment in Fig. 4 provides fur-
ther support for a Peierls-to-Mott scenario [60] in NbO, and
analogs.

III. SUMMARY

In summary, in this paper we analyzed the spectral prop-
erties of the dimerized bct phase of NbO, in a combined
electronic structure and many-body approach. An analytical
Green’s function formalism was used to calculate the dimer-
ized spectral function for the x>-y? channel of bct NbO, along
the rutile ¢ axis. The effects of local intra- and interorbital
correlations were treated within a multiorbital perturbation
approach. We presented results for the local, orbital-resolved
density of states and the total spectral function. The latter re-
sults were analyzed in comparison with experiments reporting
valence [25] and conduction band [52] spectra, showing good
qualitative theory-experiment agreement. Our results suggest
that bct NbO, is a peculiar orbital-selective insulator with
Mott (xz,yz) and entangled Mott-Peierls (x?>-y?) localized
electrons relevant to future Mott memristors for neuromorphic
computing [31] upon external perturbations [61] as well for
understanding nonthermal, photoinduced metallicity in which
photodoping causes an instantaneous collapse of the band gap
without structural modifications [62]. In our DFT+DMFT
calculations the insulating regime is best described with a
value of U = 5.0eV for the on-site Coulomb interaction. It
is important to mention that this result could be achieved only
with an appropriate treatment of the dimer-dimer correlations,
suggesting that a dimer-embedded DMFT formalism may be
appropriate for a correlated description of dimerized multior-
bital systems.
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