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Abstract:

In the pursuit of advanced photoelectric devices, researchers have uncovered near
room-temperature metal-insulator transitions (MIT) in non-volatile VO,. Although
theoretical investigations propose that polaron dynamics mediate the MIT, direct
experimental evidence remains scarce. In this study, we present direct evidence of the
polaron state in insulating VO through high-resolution spectroscopic ellipsometry
measurements and first-principles calculations. We demonstrate that polaron dynamics
play a complementary role, working alongside Peierls and Mott transitions to contribute
to the MIT processes. Moreover, our observations and characterizations of conventional
metallic plasmons and Mott-like strongly-correlated plasmons in the respective phases
of the VO, film provide valuable insights into their quantum electronic structures. The
diverse quasiparticle dynamics underscore the interplay between quantum degrees of
freedom and offer crucial evidence of how quantum correlated effects influence phase
transitions in strongly-correlated systems. These findings not only enrich our
understanding of the underlying mechanisms but also pave the way for developing

novel device functionalities.



Introduction:

Strongly-correlated electronic systems is the key concept in condensed matter physics.
Quantum many-body effects coupled with charge, orbital, spin and lattice degrees of
freedom give rise to a rich family of nontrivial critical phenomena such as high-
temperature superconductivity', symmetry-breaking phenomena?, charge-density wave
order™*. Specifically, metal-insulator transition (MIT) phenomenon in Mott insulators’
emerges as the quintessential feature amongst the various quantum mechanical effects.
MIT can be manipulated via multiple methods including carrier density modulation®,
orbital occupancy’ and photo-induction® °. The MIT properties render a diverse range
of quantum materials to be utilized in many applications related to energy-efficient
systems'®, neuromorphic devices® and radiative thermal memristors!!. However,
complex strongly-correlated electronic systems present a challenge especially in the
attempt to identify the underlying physical mechanism governing the MIT processes,

which to date, remains to be understood.

The emergence of small polarons in strongly-correlated system is the key cornerstone
to unlock the fundamental understanding of the quantum phenomena in such strongly-
correlated systems. Given the strong influence of charge-lattice coupling effects, the
onset of MIT and its underlying mechanism may fundamentally be mediated by the
system’s small polarons dynamics'?. Besides, small polarons are virtually ubiquitous in

diverse transition metal oxide!> '

and their ability to induce drastic changes which in
turn drives and regulates corresponding structural and electronic phase transition
processes are notable. Thus, an in-depth investigation on how small polarons dynamics

would be an effective strategy in unlocking the MIT mechanism.

Vanadium dioxide (VO2) serves as an ideal platform for the detailed investigation of
small polarons dynamics. An archetypical non-volatile Mott insulator, it presents a first-
order MIT!® at room temperature accompanied by an abrupt change in resistivity by
several orders of magnitude'® !7 and structural distorted of V-atom chains'®. Such MIT

properties at room temperature endow VO; system with theoretical values and
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application values. Notably, first-principles calculation have predicted the formation of
small polarons in VO» along with their possible influence on its MIT properties'® 22!,
However, a detailed understanding and direct experimental evidence of MIT effects

induced by small polarons in VO, system remain largely elusive.

Here, we report the stabilization of small polarons in the insulating VO2 by combining
high-resolution spectroscopic ellipsometry measurements and extensive first-principles
studies. In addition, metallic and correlated plasmon dynamics have been observed for
portraying diagram of electronic structures and enriching quasiparticle pictures in
polymorphic VO». Our studies reveal that %easing temperature enhances the
electron-phonon coupling in VO which in turn leads to the concurrent onset of small
polarons formation and Peierls lattice distortion. Subsequently, the enhancement of
Mott electronic correlations brought about by a weakened screening effect with lower
free electron population. The small polarons act as an intermediary to facilitate both the
Peierls and Mott phase transitions processes in regulating the MIT processes of VO,
as depicted in Fig. 1(a). The identification of a hybrid mechanism of Peierls and Mott
transitions synergistically mediating the MIT processes provides a deep understanding
of the actual MIT mechanisms, not only for VO, but also for a broad range of strongly-

correlated oxides??.
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Results
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Figure 1. (a) Schematic depiction of the small polarons act as an intermediary to
facilitate both the Peierls and Mott phase transitions processes in regulating the MIT
processes of VO.. (b) Structural analysis of epitaxial VO2 thin film. XRD
characterizations on VO, thin film grown on TiO> (001) substrate. §-26 scan around the
TiO> (002) and VO2 (002) peak, no other peaks were found. (c) Resistance vs
temperature curves for transport properties of annealed and unannealed VO, thin films
grown on TiO; (001) substates. The inset shows the corresponding d[logio(R)]/d[T]

curves.

The VO; thin film was prepared on TiO; substrate by pulsed laser deposition (PLD).
The thickness of the grown VO, layer was measured to be 28 nm. X-ray Diffraction
(XRD) analyses and transport measurements were conducted on VO2/TiO: films to

confirm the high film and crystalline quality of the samples. Fig. 1(b) displays the X-
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ray Diffraction (XRD) pattern of the 28 nm-VO»/ TiO2(001) sample, in which the 002-
plane displayed features both the rutile TiO substrate and the tetragonal-like VO thin
film located at 20 =62.832° and 20 =65.706°, respectively. The crystal quality of the
thin film was further examined by X-ray Rocking Curve measurement (Supplementary

material Fig. S2), further confirming the high crystallinity of the annealed VO, thin
film.

Transport measurements are further conducted on the VO2/Ti02(001) system [Fig. 1(c)].
The metal—insulator transition (MIT) temperature and lineshape of the annealed VO-
thin film are in good agreement with previous studies®*>* 2. The resistivity of annealed
VO: thin film is measured to be 6.7x10~* Q'cm in metallic phase at 350 K. Resistivity
increases by three orders of magnitude with decreasing temperature in the insulating
phase. The resistivity of annealed VO thin film is 1.2x10"" Qcm at 250 K. This two-
step phase transition behavior is attributed to a slight oxygen-deficiency in the VO; film
26, which introduced extra electrons to the system 2’. As shown in the inset of Fig. 1(c),
the MIT temperature (Tmir) of annealed VO: film during the heating cycle is 295 K.
While MIT takes place at 287 K during the cooling process with a small thermal
hysteresis width of 8 K. As for the unannealed VO> with significantly higher oxygen
vacancy concentration, it merely displays a semi-metallic behavior without any onset
of MIT (see supplementary material). Annealed VO>/TiO, sample with an abrupt
transition by three orders of magnitude further affirms that our VO, sample is of high

quality.

Temperature-dependent Spectroscopic Ellipsometry Characterization

Spectroscopic ellipsometry represents a versatile tool for probing the quasiparticle
dynamics of strongly-correlated materials and it is widely utilized to establish the
optical response and electronic structures at the nanoscale 2%2°. Optical characterization
of quasiparticles was conducted on the annealed-VO>/TiO film using spectroscopic

ellipsometry at temperatures between 200 K and 350 K where the MIT takes place.



Optical response on the VO> film was collected with incident photon energy between
0.68 and 4.80 eV. With transport measurements confirming the MIT phenomena of the
VO film during the heating and cooling processes, it behaves as an insulator with a
band gap (~0.6 eV) below 295 K (Twmir) 3%, Whereas, it transforms into a rutile metal
above 295 K3!. These transport properties have been confirmed by the optical
characterization using spectroscopic ellipsometry with prominent changes to the optical
parameters caused by the transition process especially with regards to its energy bands
and quasiparticle dynamics in both the metallic and insulating states. In the
spectroscopic ellipsometry measurements, we observe the traces of three types of
quasiparticles excitations, small polarons, metallic plasmons and correlated plasmons,
respectively. The presence of polaron state related to small polarons is detected by
analyzing the o absorption peaks in the insulating state. Next, metallic plasmons and
correlated plasmons are found to distribute in the Electron Energy Loss Spectra (EELS).
The properties of small polarons and plasmons are discussed in detail below,

respectively.



The Observation of Polaron state
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Fig. 2. (a) Optical conductivity of annealed VO2/TiO>(001) film at various temperatures.
(b) Optical conductivity curve of metallic VO, thin film (350 K), three independent
peaks can be observed. (¢) Optical conductivity curve of insulating VO thin film (200
K), five independent peaks can be observed. (d) In (cT*?) vs T. The red dash line is fit
to the data using the hopping conductivity of small polarons. Inset: In (6T*?) vs T,
showing that activated behavior of small polarons is approximately followed only blow
the Tmit, with the same fitting line. (e) Projected density of states (PDOS) of pristine
VO.. (f-g). The charge density difference (f) between the non-polaron state and the
charge-neutral state, and (g) between the polaron state and the charge-neutral state. The
charge accumulation/depletion is denoted by the yellow/cyan iso-surface with an iso-

value of (f) 0.0015 e/A* and (g) 0.007 e/A3, respectively. (h) PDOS of VO, in the

polaron state. The Fermi level has been set to 0 in both (e) and (h). (i) The visualized



partial charge density associated with the mid-gap state in (h). (j) The magnification of
the localized charge enclosed in the black dashed rectangle of (e). The iso-value is set

to 0.007 e/A3.

Figs. 2(a-c) display the optical conductivity, 61(®), in the insulating (T=200 K, 250 K,
285 K) and the metallic states (T=305 K, 335 K, 350 K). The shape and spectral weight
are different between the insulating and the metallic states. In the metallic phase at 350
K [Fig.2(b)], three peaks labelled a (~2.72 eV), B (~3.10 eV) and y (~ 4.02 eV) can be
observed and they can be modelled using five respective Gaussian peaks by Drude-
Lorentz model (see supplementary material). The broad Drude response is a clear
indication of the material’s metallic nature’® 3. Combining with our analysis of
spectroscopic ellipsometry, peak a (~ 2.72 eV) can be attributed to the transition from
the filled O2p band to the half-filled d; band, while the weak shoulder peak 3 (~ 3.10
eV) is ascribed to the transition from the filled O2p band to the half-filled =~ band.
Meanwhile, peak vy is attributed to the transition between half-filled d band and empty
c" band. These have been confirmed in previous studies 2% 3.
The onset of MIT at 295 K with the almost-simultaneous onset of Mott and Peierls
transition > 3% 3% 37 lead to significant changes in both the optical conductivity and
lattice structure. This in turn leads to a significant change to the o1 spectra below 295
K. In the insulating phase at 200 K [Fig. 2(c)], five peaks in optical conductivity can be
observed. The temperature-dependent peak A (at ~ 0.92 eV at 200 K redshifts to ~ 0.76
eV at 285 K) is attributed to the transition between adjacent energy bands that near the
Fermi level. Peak C at ~2.76 eV in the insulating phase can be attributed to the interband
transition between the Lower Hubbard band (LHB) and Upper Hubbard band (UHB).
The hump feature E at ~ 4.0 eV is due to the transition from the O2p band to the empty
n band and from LHB to empty ¢ band** (see the supplementary material).

In addition to the previously established optical absorption features described
above, two other previously unidentified features (labelled B and D) located at ~2.16
eV and ~3.40 eV, respectively, have been observed [Fig. 2(c)]. Intriguingly, the spectral

weight of peak B and peak D are lower than the adjacent peaks. At 200 K, the maximum



spectral weight of peak B is ~114 Q' cm ™! and the maximum spectral weight of peak
D is ~214 Q'-cm™!. These features are also observed at other temperatures in the
insulating phase. While their energy positions do no shift with rising temperature, they
gradually weaken and eventually dissipate above the MIT temperature along with the
formation of a Drude response in the metallic phase. Based on the energy positions and
the relatively small spectral weight of peaks B and D, it can be deduced that they are
attributed to the formation of a new narrow mid-gap state®®. As discussed in detailed
thereafter, we attribute feature B and D to the optical transitions from polaron state in
the VO, film.

Due to the presence of a slight oxygen vacancy in annealing VO: film, the
necessary conditions are created for the formation of small polarons which result from
the coupling of excess electrons and phonons. It has been reported that the transport
properties of insulating state VO, is dictated by the small polaron hopping dynamics,
which in turn, is determined by the amplitude of the thermal lattice vibrations*® #°.
Hence, the small polaron hopping model (see supplementary material) is utilized to
model and confirm the presence of the small polarons in insulating VO.. The electronic
transport curve displayed in Fig. 2(d) shows that it is in good agreement with the
theoretical small polaron hopping model in the insulating phase below Tmit (295 K).
Whereas, the transport data begins to deviate from the theoretical model in the metallic
state above Twmir. This provides strong evidence that while small polaron are present in
insulating phase VO, they begin to dissipate in metallic state VO; due to the increase
in thermal lattice vibration above Twmir.

Having provided experimental evidence that small polarons are present in the
insulating state VO2 based on the analysis of our electronic transport data, it is essential
to attribute features B and D observed in the optical spectra (Fig. 2(c)) to the presence
of the polaron state. While a previous theoretical study has indicated that polaron states
are formed at energy region in the order of ~1 eV below the conduction band minimum
(CBM)* in large bandgap oxide systems. With the relatively small bandgap of
insulating VO», at ~ 0.6 eV, the formation of the small polaron state at 0.32 eV below

the empty m° band at 200 K [Fig. 4(b)] is not only theoretically consistent, but also



agrees with experimental detected polaron state in other small bandgap oxide system'?.
Hence, we can now confirm features B (~ 2.16 eV) and D (~ 3.40 eV) in the optical
conductivity (o) spectra [Fig. 2(c)] to be optical transitions from the polaron state to
the UHB and ¢~ band, respectively.

First-principles calculations have been performed to further substantiate the
experimental evidence that the mid-gap state is attributed to the formation of small
electron polarons. Fig. 2(e) displays the projected density of states (PDOS) of the
pristine VO, at the GGA+U level of theory. The calculated band gap is 0.601 eV, in
agreement with that previously reported for the insulating phase of VO ' 3°. When
excess electrons are introduced, DFT calculations indicate that the non-polaron state
[Fig. 2(f)] is 0.771 eV higher in energy than the polaron state [Fig. 2(g)], indicative of
the energetic preference to the formation of the polaron state. Fig. 2(g) shows that the
excess electrons in the polaron state is self-trapped around a vanadium site. Meanwhile,
a neighboring vanadium site was also found to denote electrons to the host vanadium
site. As illustrated in Fig. 2(h), a mid-gap state (marked by arrow) arises below the
Fermi level in the polaron state, which is mainly composed of the V 1, states. The
visualized partial charge density associated with this mid-gap state further confirms the
localized nature of the excess electron [Fig. 2(i)]. Specifically, the shape of the partial
charge density implies that the excess electron mainly occupies the V 3dy, and 3dx,
orbitals [Fig. 2(j)]. Compared to the non-polaron state, the charge trapping further
increases the long V-V distance, whereas the short V-V distance nearly remains
unchanged, probably due to the aforementioned charge transfer from that neighboring
V site. These DFT results are consistent with our experimental finding that the mid-gap
state is attributed to the polaron state, which provides compelling experimental

evidence for stabilization of small polarons.



The Observation of Plasmons Excitations
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Fig. 3. (a) The real part of dielectric function (€1) at different temperatures. (b) The LF
shows the character of metallic plasmons and correlated plasmons. The black arrow
indicates peak A’ (metallic plasmons) shift to high-energy position as the temperature
increases. (¢) LF spectra of 350 K (metallic state) with identified peaks A’ ,B’ and
C' . The position of peak B’ and C' show two-fold energy positions relation. (d)
LF spectra of 200 K (insulating state) with identified peaks B’ and C’ with two-

fold energy positions relation.

To further analyze the quasiparticle features and opto-electronic properties of the VO-
system and distinguish between the insulating and metallic phases, the optical loss
function (LF) is further derived with the spectra displayed in Fig. 3 (see supplementary
material). Metallic phase VO, shows clear metallic behavior with the prominent Drude
response in o1 [Fig. 2(a)] and zero-crossing of €1 [Fig. 3(a)] at ~ 1.13 eV at 305 K. This
zero-crossing blueshifts monotonically to ~ 1.37 eV at 350 K - near the energy
position of loss-function peak A’ [Fig. 3(b)] marking the presence of metallic

plasmons (peak A’ ) attributed to the collective excitation of free charges. Meanwhile,



the slight disparity between the €1 zero-crossing positions and their corresponding
energy positions of loss-function peak A’  in the metallic state, as shown in Figs. 3(a-

b), is attributed to free electron scattering?®.

Using Voigt profile fitting for the LF spectra for metallic phase VO, another two peaks
labelled B’ and C' at~1.61 eV and~3.22 eV, respectively at 350 K, are elucidated
[Fig. 3(c)]. The positions of these two relatively weaker peaks follow a two-fold photon
energy relation which persists throughout the entire temperature range. Besides, they
are located in the photon energy region where the corresponding €; spectra is the
positive range. Note also that peak C' generally has a higher peak intensity and its
peak width is consistently wider than peak B’ . These collective features of peaks B’

and C' are signatures of correlated plasmonic excitations*> 4344

where they arise due
to the presence of strong electron—electron and electron—hole interactions in the VO,
thin film. The analysis of the LF spectra and the presence of features A', B' and C' in
metallic phase VO, provides clear evidence that both metallic and correlated plasmons

coexist in this state.

The Intensity of peak A' attributed to the metallic plasmon register a corresponding drop
with decreasing temperature and it dissipates in the insulating phase below Twmir.
Meanwhile, both features B' and C' belonging to the correlated plasmon prevail where
their intensity and peak positions remain generally consistent throughout [Fig. 3(d)]
(see supplementary material). The dissipation of metallic plasmon feature A' marks the
transformation of the VO film from the metallic to the insulating state below Tat *>
4 Meanwhile, the high-energy features above 3.5 eV in the LF spectra may be

attributed to electronic interband transitions in both metallic and insulating phases*’- %,



Proposed Mechanism Between Small Polarons and MIT Processes
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Fig. 4. Pictorial models of the energy level for (a) metallic state at 350 K, (b) insulating
state at 200 K, showing the relevant oxygen and vanadium energy levels. The arrows
in (a-b) denote interband transitions in good agreement with our values for
corresponding features in Figs. 2(b-c), respectively. Fermi level is denoted by Er. (c-d)
Schematic diagrams of the electronic states during the MIT transition of VO, system.
(¢) In the metallic state of VO, the electrons are delocalized. The metallic matrix
exhibits collective oscillations of free electrons and correlated electrons. (d) As the
temperature decreases, the number of correlated electrons increases, and the delocalized
electrons transform into localized electrons. Therefore, correlated electrons and small
polarons are present in the insulating state. The transition from metallic to insulating
states in VO3 is a result of a combination of lattice distortions (Peierls transition),

electronic correlation effects (Mott transition), and the opening of a band gap.

Previous X-ray Absorption Spectroscopic (XAS) studies ** > have described the
energy positions of unoccupied V-3d bands. In its insulating state, n*, UHB and ¢ band
locate above the Fermi level (see supplementary material). As detailed on the origin of
features in Figs. 2(a-c), features from electronic transitions have been defined in the
previous section of this study (the Observation of Polaron state). Therefore, the energy
band schematics in the metallic (350 K) and insulating (200 K) states can be depicted

in Figs. 4(a-b) by combining results of previous XAS characterization studies and the



optical transitions derived from our optical conductivity data. As discussed previously,
feature B has been attributed to the electronic transition from polaron state to UHB,
while feature D is attributed to electronic transition from polaron state to ¢~ band. The
important characteristic for the polaron state is shown clearly in the insulating phase.
Having confirmed the presence of small polarons and by analyzing the
temperature-dependent energy band properties, this provides a new perspective on how
small polarons facilitate the MIT processes and open the bandgap in the VO, film which
is yet to be fully understood. Figs. 4(c-d) provide a pictorial representation of the
quantum electronic structures and phase transition processes. In the high-temperature
metallic phase, the effects of thermal lattice vibration outweigh the effect of electron
localization’!. Meanwhile, the excitations of free and correlated charges (metallic and
correlated plasmons) further prevent the localization of the electron due to their periodic
motion. Such high-temperature electron dynamics prevent the formation of small
polarons. However, as temperature decreases and as it approaches Twir, there is a
corresponding weakening of the thermal lattice vibrations which in turn result in the
gradual enhancement of electron-phonon interaction. It facilitates the formation of
small polarons which is typically accompanied by a series of lattice distortion and
lattice symmetry breaking due to the localization of electrons®” in the vicinity of the V-
lattice sites. Such structural distortions provide an important condition which in turn
facilitate its phase transition process in the form of a Peierls transition®> 3%, Meanwhile,
in another proposed phase transition -Mott theory - which describes the motion of
electrons in the V(3d))-V(3d)) channels®, there is a significant reduction in free
electrons as they become localized at the V lattice sites to form small polarons. The
reduction of free electrons significantly weakens the electronic screening effect and this
reinforces the system's electronic correlations especially at low temperature™: 3% 37> 38,
As a result, it forms an insulating state via the opening of an energy gap as evidenced
in the low-temperature metal-insulator transition as described by the Mott theory.
Having highlighted the important complementary role that small polarons can play in
mediating both the Peierls structural transition and the Mott electronic phase transition

processes, we can thereby suggest that small polarons serve as an important



intermediary in facilitating a hybrid mechanism comprising the aforementioned phase

transitions in VO,.

Discussion

In conclusion, our optical observations couple with DFT calculations provide clear
evidence of small polarons in VO; and by analyzing its temperature-dependent behavior
in both the metallic and insulating phases. This brings about a new perspective in
unravelling the MIT mechanism that underlies this strongly-correlated electronic
system. The understanding of the role that polaron dynamics play is pivotal to
understanding charge transport properties in VO,. Besides, it provides a link to unravel
how structural kinetics and electronic properties play a complementary role in the MIT
process of strongly-correlated electronic system. In fact, the genuinely development of
quantum many-body theory is company with study and understand the complexity of
quasiparticles. Following and inspecting many-body effects and quasiparticles
dynamics in strongly-correlated oxides allow for potential applications related to
energy conversion, such as thermoelectric generators, Peltier elements and
photoelectric devices. Hence, regulating quasiparticles generation and dynamics is

undoubtedly advantageous to gadget performance.

Method

Sample preparation and Annealing

VO thin films of thickness 28 nm were synthesized on TiO>(001) substrates
(CrysTec GmbH) by Pulsed Laser Deposition (PLD). A commercial vanadium single
crystal (100)-orientated metal target with 99.999 % purity (Goodfellow) has been used
as the target for synthesis of the VO, films. Deposition process of the VO; films on the

TiO2(001) substrates take place at an optimized pressure and temperature of 10~ Torr
and 400 °C, respectively with a pulse laser repetition rate of 5 Hz. After the synthesis
process, one of the VO2/TiO; film was then annealed in oxygen at 10~ Torr pressure at

temperature 600 °C to improve the sample quality and to remove any existing oxygen



vacancies. Meanwhile, as a reference to the annealed sample, the other VO2/TiO> film
is kept unannealed.

X-ray Diffraction and Electron Transport Measurements

X-ray Diftraction (XRD) pattern and X-ray Rocking Curve measurement were
operated using a SmartLab system with a 20 range from 60 to 70° in step of 0.05°. The
electron transport data were taken using the standard four-probe method in a
commercial Quantum Design physical property measurement system (PPMS).

Spectroscopic Ellipsometry Measurements

Spectroscopic ellipsometry (SE) measurements are conducted using a custom-
made Variable Angle Spectroscopic Ellipsometer (VASE) of J. A. Woollam Co., Inc in
the photon energy range of 0.68-4.80 eV at incident angles of 70° with respect to the

plane normal.

The first-principles calculations

All density functional theory (DFT) calculations were carried out using the Vienna
ab initio Simulation Package (VASP) with the projector augmented-wave method and
the Perdew-Burke-Ernzerhof (PBE) parameterized Generalized Gradient
Approximation (GGA) adopted for the ion-electron interaction and the exchange-
correlation interaction, respectively.

Data availability

The data that support the findings of this study are available within the article and
its Supplementary Information. Additional relevant data are available from the

corresponding authors upon reasonable request.
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