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Role of the lattice in the light-induced insulator-to-metal transition in vanadium dioxide
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Vanadium dioxide is a model material system which exhibits a metal-to-insulator transition at 67 °C. This
holds potential for future ultrafast switching in memory devices but typically requires a purely electronic process
to avoid the slow lattice response. The role of lattice vibrations is thus important, but it is not fully understood
and it has been a long-standing source of controversy. We use ultrafast spectroscopy and ab initio quantum
calculations to study the mechanism responsible for the transition. We identify an atypical Peierls vibrational
mode associated with the transition and study its associated properties. Our findings led to theoretical prediction
of a new electron-phonon pathway for a purely reversible electronic transition in a true bistable fashion under
specific conditions. This transition is very atypical, as it involves purely chargelike excitations and requires only
small nuclear displacement and might prompt future experimental investigations.
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I. INTRODUCTION

Correlated electron systems offer various pathways of con-
trolling material properties. For example, vanadium dioxide
(VOy) is an insulator with strong electron-phonon interactions
and it undergoes a first-order insulator-to-metal transition
(IMT) at 340 K [1-4]. At higher temperatures, VO, is metallic
with the rutile structure (R), while it transforms to the mono-
clinic M; phase and becomes insulating below the transition
temperature. IMT can be achieved on the ultrafast timescale
on laser excitation [5—-8]. However, bistability is normally
not reached as the system undergoes a hysteresis. Whether
the transition involves both electrons and phonons or only
electrons remains a topic of high controversy. The involve-
ment of the lattice is detrimental for ultrafast switching, as
it is typically associated with slow response and high power
consumption. In this context, the lattice acts as a dissipation
bath (thermal reservoir) that prevents a reversible transition
between the metallic and insulating phases [9-19]. Moreover,
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the nature of the MIT in VO, has long been debated, with par-
ticular emphasis placed on the role of electron correlations in
forming the charge gap [20-23]. A key unanswered question
is whether the IMT is driven by a pure electronic mechanism,
as in the Mott transition, or whether the vanadium dimer
pairing mechanism driven by Peierls distortions is responsible
for the opening of the charge gap [24-27]. This is paramount
for future applications, such as low-consumption nonvolatile
memory devices, and, on a more fundamental footing, to
elucidate the nature of the transition in VO,.

In this work, we address the controversy on whether the
IMT in VO, is purely electronic or is driven by lattice distor-
tions. We use two different routes: ultrafast terahertz (THz)
spectroscopy techniques and quasiparticle self-consistent GW
theory (QSGW) [28,29]. While the two approaches, in our
treatment, are independent, we reach the same conclusion.

We first describe the experimental restults. Structural prop-
erties are usually probed in equilibrium and for VO, typically
at temperatures near 7.. In our experiment, we use a 800-
nm probe to investigate the ultrafast dynamics immediately
following generation of phonons by a THz pump. Terahertz
was generated using DSTMS/DAST organic crystals pro-
vided by [30]. In this way the dominant excitations well
below T, can be observed. Our experimental techniques de-
pend on THz-pump, optical probe spectroscopy (Fig. 1 and
under Methods). The probe is a 800-nm beam and detec-
tion is in two configurations: ellipsometry and transmission.
Both can reveal electron densities and phonon oscillations.
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FIG. 1. The THz-induced lattice distortions far from 7, in VO,.
(a) The THz pump and optical probe setup. Lattice distortions
obtained in the calculated phonon eigenvector modes for (b) the
5.7-THz A,-II mode and (c) the 6.8-THz A ,-III mode. Panels (d) and
(e) show the enlargement of panels (b) and (c), respectively, of the V
(red spheres) and O (blue spheres) edge-sharing octahedras along the
rutile direction. The V-V dimers are located in the center of the rutile
chain (second and third positions from the left). (f) The amplitude
of phonon excitations measured by monitoring the THz-induced
birefringence on a collinear 800-nm probe.

However, ellipsometry is more sensitive to phonon oscilla-
tions and transmission is very sensitive to the electron density.
Our sample is a 70-nm-thick VO, film on a sapphire substrate.
High-quality polycrystalline VO, thin films were grown on
c-plane Al,O3 substrate by pulsed laser deposition. After the
deposition, the sample was cooled down at constant oxygen
pressure to room temperature.

In Fig. 2(a) we show the measured average temperature-
transmission hysteresis. As expected, a hysteresis in the
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FIG. 2. Ultrafast THz spectroscopy of electron and phonon ex-
citations. (a) Average transmission of the 800-nm probe obtained
during the heating (blue) and cooling experiments (red) and without
THz excitation. (b) Electron-phonon dynamics obtained by Fourier
transform of the time-resolved THz-pump optical ellipsometry mea-
surements at different temperatures between 20 °C up to 67 °C. Blue
and red refer to the heating and cooling experiments and clearly
show the hysteresis in dynamics (the hysteresis of the phonon modes
follows the hysteresis of the structural properties, as expected).
(c) The phonon spectra shown for different fluence levels of THz
excitation at room temperature.
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transmission is observed, which correlates with the first-order
transition of VO, at 67 °C. However, the temporal response is
highly nontrivial.

In order to track the phonon excitations, we first show
the spectroscopic ellipsometry measurements (birefringence)
[see Fig. 1(a)] carried out along the rutile axis with the THz
excitation using the 800-nm probe (1.55 eV) for temperatures
ranging between room temperature and the transition at 67 °C.
We observed clear oscillations at room temperature with
amplitude decreasing as the sample is heated up toward the
transition (see Fig. 2S in the Supplemental Material [31]).
The oscillations start simultaneously with the instantaneous
electronic excitation (see Fig. 3S in the Supplemental Material
[31]). To get better understanding on the nature of oscilla-
tions, we show the corresponding spectra in Fig. 2(b). For
all temperatures below 57 °C, a coherent temporal response
is observed, with three dominant modes at 4.8, 5.7, and
6.8 THz [see Fig. 2(b)]. These frequencies closely match
known phonon modes in the M; phase near 5 THz (see Table
1 in the Supplemental Material [31]).

It is noteworthy to estimate the change of temperature
induced by the THz pulse. In particular, the heat equation
for the THz pulse is Q = mCAt, where m is the mass of
the sample exposed to the beam, C is the heat capacity, and
At is the obtained temperature variation. The heat capacity
of VO, thin films is typically [32] C ~ 3 J cm™® K~'. All
fluences used in the experiment were below 1 mW, with a
sub-150-pum beam diameter, a sample thickness of 70 nm, and
a mass density of VO, in monoclinic phase of 4.57 g cm™3
[33]. We obtain for an applied pulse of 2 ps a change of
temperature At ~ 0.001 K, which is negligible in comparison
to the monoclinic to rutile transition temperature.

Interestingly, the amplitude of these modes also exhibit
hysteresis [see Fig. 2(b) and Fig. 2S]: The modes survive
on heating to 57 °C but only reappear on cooling from high
temperature at 50 °C. The hysteresis of the excitations, how-
ever, correlates with the hysteresis obtained in the averaged
transmission [see Fig. 2(a)], which shows that the excitations
are an inherent property of the M; phase of VO,. The fact that
the excitations are present all the way to the phase transition
establishes that the collective excitations are connected to the
first-order transition of VO, and the collapse of the VO, gap
at 7T..

We stress that the hysteresis of the phonon amplitude with
temperature does not confirm the role of the lattice in the
excitation. In principle, such hysteresis is expected regardless
of the stimulus or the underlying mechanism behind the
excitation. However, the ultrafast excitation (subpicosecond)
of the oscillations, especially at room temperature far from
transition (see Fig. 2S), strongly implies indispensable role
of the phonon/lattice in the transition. This also suggest that
the mechanism is Peierls-like, in the sense that changes in
electronic states are driven by small nuclear displacements.

The excited phonon modes are Raman modes, and thus
resonant excitation with the THz pulse is excluded. We per-
formed fluence-dependent measurements in order to confirm
the nature of the excitations. A fluence analysis [see Fig. 2(c)
and Fig. 1S] shows the modes’ amplitudes vary linearly with
the square of the electric field. This establishes that modes
are not resonantly excited by the THz pump but involve sec-

ondary relaxation mechanisms associated with the coupling
of electrons to active phonon modes. With THz spectroscopy,
electronic relaxation does not need to obey optical selection
rules but can occur through phonon coupling. We note that
the dominant mode is at 5.7 THz.

For the sake of completeness, besides the birefringence/
phonon measurements shown above, we performed transmis-
sion measurements. As similar transmission studies have been
previously studied, we include it in the Supplemental Material
[31]. Moreover, in the study of phonon excitations, strong
transmission changes makes it difficult to trace phonon os-
cillations. The conclusions reached above using experimental
techniques can be confirmed using a different route of first-
principles theoretical calculations as shown next.

II. OPTICS

To benchmark the QS GW approximation, we compute the
optical conductivity including ladder diagrams via a Bethe-
Salpeter formalism [34]. We report in Fig. 3 the theoretical
optical conductivity along the rutile axis and the comparison
with ellipsometry measurement [35] of o, on a single crystal
of VO,. Agreement is excellent up to 4 eV, especially when
considering the complexity of this material and also the
variability between different measurements of o. The optical
conductivity is a stringent test of the quality of QS GW, as it
is a true ab initio theory, free of adjustable parameters.

III. PHONONS

We computed the phonon dynamical matrix at the density-
functional-theory level (see Table 1 in the Supplemental Ma-
terial [31]). The theoretical phonon spectrum exhibits three
modes in the range 4.8 to 7 THz, all of A, symmetry (denoted
here as A,-I, A-Il, and A,-III) [see Fig. 1(b)-1(e)]. The
phonon frequencies are in excellent agreement with the modes
observed by THz spectroscopy [see Fig. 1(f)], and the phonon
eigenvectors supply the nuclear displacements for each nor-
mal mode. The A,-II (A,-I) involves only displacements of the
vanadium (oxygen) atoms, whereas the A,-III mode involves
displacement of both V and O ions.

A. Electron-phonon interaction

We performed QS GW calculations in a frozen phonon ap-
proximation, displacing atomic positions along eigenvectors
of each of the three A, modes 4.81, 5.47, and 6.29 THz. In two
of these modes (4.8 and 6.29 THz), a twofold rotation around
the y axis is preserved, but it is broken for the A -1l mode (5.47
THz, see Table 1 in the Supplemental Material [31]). Fig-
ure 4(a) shows how the quasiparticle band structure evolves
for small displacements of either sign (6d ~ £0.022 A) in
the A,-II mode. The nearly degenerate pair of d bands just
below Er split in a symmetric manner, independent of the
sign of displacement—a characteristic signature of Peierls
splitting—while the other bands are largely unperturbed. As a
result the gap decreases in proportion to |§d| until it closes at
sd ~0.14 A [Fig. 4(b)]. Note that a negative A, means that
the solution is metallic: The conduction band at I" overlaps
with the valence band, with emergence of electron and hole
pockets.
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FIG. 3. Theoretical description of pristine VO,. (a) QS GW band
structure for pristine vanadium dioxide in the M, phase in the ab-
sence of THz pumping . The charge gap is 0.67 eV. Orbital character
is distinguished by a Mulliken projection onto the muffin-tin orbitals:
O-p (blue), Cu-d e, (red), and t,, (green). (b) Optical conductivity
o, (the rutile direction) obtained solving Bethe-Salpeter equation
(QS GW +BSE) for the polarizability starting from the QS GW
Hamiltonian. Agreement with ellipsometry data (diamonds) obtained
in thin-film single crystal vanadium dioxide (in absence of THz
pumping) [35] is remarkable for this notoriously difficult compound.

For comparison, a typical high power THz pump will
displace ions by roughly 0.1 A, while nearest-neighbor V-V
bond lengths in the rutile and M, phase differ by ~0.4 A.
In the THz experiment, the ions are displaced in a complex
manner, so a realistic simulation of the time dependence
of o(w = 1.5eV) is not feasible. However, the conductivity
o (w) is closely connected to independent particle transitions
(in particular the structure around 1.5 eV is tied to transitions
between the top two valence band states and the unoccupied
states), so the initial shape of o (w) in the M; phase (see Fig.
5S(b) in the Supplemental Material [31]) will evolve with
excursions in the band structure [Fig. 1S(a)] from phonons
generated by the pulse. This explains qualitatively the primary
features of the THz experiment.
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FIG. 4. Metal-insulating transition driven by lattice. (a) QS GW
energy-band calculations for the displaced structure along the A,-II
(5.47 THz) phonon mode, with both expansions and contractions
of the V-V bond (8d ~ £0.022 A) (red and blue) around the M,
phase (green). (b) The charge gap A, shrinks for either sign of
dd and eventually closes for changes in the V-V distance as small
as 8d ~0.15 A. (¢) QS GW energy-band structure for the A,-III
(e.g., 6.29 THz) phonon mode for displacements above and below
the critical displacement u., see text. At u., QS GW predicts the
coexistence of two converged solutions: a metallic solution labeled
m and an insulating solution labeled i .
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We next turn to the discussion of the A,-III mode at
6.29 THz. For this particular mode, the valence band does
not split and the charge gap evolves as a smooth function of
phonon amplitude u, approaching a small positive value at a
critical value we denote as u. [Fig. 4(c) and Fig. 6S(b)]. To
provide some measure of the length scales involved, at u, the
nuclei are displaced by an average value of 0.06 A, though the
nearest-neighbor V-V bond length increases by only 0.017 A.
As u increases slightly beyond u. the gap vanishes; the
insulating solution becomes unstable at u,->u, and the system
makes a discontinuous transition to a metallic state, with an
indirect negative gap of the order of —0.15 eV, meaning that
the conduction band minimum (at I") falls slightly below the
valence band maximum (which occurs at a low-symmetry
point roughly in the vicinity of C). Figure 4(c) displays the
evolution of the bands along the I'-C line.

IV. THEORETICAL PREDICTION FOR BISTABILITY

Remarkably, at u,. two distinct self-consistent potentials
can simultaneously be found for the same lattice configuration
: one insulating and the other metallic. Both band structures
are depicted in Fig. 4(c). This indicates that a purely electronic
transition is possible in this system. The metal-to-insulator
(M-]) transition here is very atypical, in that the associated
fluctuations are purely chargelike, without involving the spin.
Note that the band structures of the coexisting solutions are
similar; however, there is a discontinuous change both in A,
and the valence band width. The narrowing of the bandwidth
in the metallic solution indicates that the system is a correlated
metal.

As a consequence of the coexistence of the two solutions,
we obtain a hysteresis; with an excursion in the displacement
u. < u < uy the system can remain on one branch or the
other. The subtle balance between the localized and itinerant
character of the electrons in this regime is a realization of a
spectral-weight scale : If the valence and conduction bands
get slightly closer, then the system gets metallic; if they move
apart, then the system becomes insulating. Note that the M-
I transition preserves the optical gap, as the charge gap is
indirect. This is distinct from the insulator-metal transition in
VO, at the critical temperature, where there is a collapse of
the optical gap concomitant with a collapse of the charge gap.
We note that this process occurs on the timescale of a phonon

mode oscillation period, which is typically much faster than
the relaxation of resonant electronic excited modes.

V. CONCLUSION

We showed that a purely electronically driven transition
does not occur for VO, at the critical temperature. This
conclusion is obtained by cross examination of experimental
evidence that coherent phonon modes are activated below the
transition and theoretical evidence that the latter modes are
associated with a systematic reduction of the charge gap, and
hence the buildup of metallicity. This concretely addresses
a long-standing controversy on the role of phonons in the
transition where the M phase of VO, is a band insulator with
a gap that is too large for pure many-body effects to stabilize
a MIT without nuclear displacements.

Nevertheless, with suitable displacements relative to the
M; phase, a purely electronic M-I transition was found un-
veiling a new IMT mechanism: the Peierls instability, which
involves an orbital selection and bonds the d,, and d, orbitals
along the rutile axis, filling each orbital with one electron.
Nuclear displacements around the M; phase causes the gap
to shrink. When the gap becomes sufficiently small, a purely
electronic MIT associated with the 6.8-THz phonon mode
arises from the charge fluctuations.

This new theoretically predicted mechanism may enable
bistability at room temperature in distorted structures which
may be achieved by strain or external doping thus opening
new possibilities for materials design under realistic experi-
mental conditions.
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