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ABSTRACT: Ultrafast photoinduced phase transitions could
revolutionize data-storage and telecommunications technolo-
gies by modulating signals in integrated nanocircuits at
terahertz speeds. In quantum phase-changing materials
(PCMs), microscopic charge, lattice, and orbital degrees of
freedom interact cooperatively to modify macroscopic
electrical and optical properties. Although these interactions
are well documented for bulk single crystals and thin films,
little is known about the ultrafast dynamics of nanostructured
PCMs when interfaced to another class of materials as in this case to active plasmonic elements. Here, we demonstrate how a
mesh of gold nanoparticles, acting as a plasmonic photocathode, induces an ultrafast phase transition in nanostructured vanadium
dioxide (VO,) when illuminated by a spectrally resonant femtosecond laser pulse. Hot electrons created by optical excitation of
the surface-plasmon resonance in the gold nanomesh are injected ballistically across the Au/VO, interface to induce a
subpicosecond phase transformation in VO,. Density functional calculations show that a critical density of injected electrons
leads to a catastrophic collapse of the 6 THz phonon mode, which has been linked in different experiments to VO, phase
transition. The demonstration of subpicosecond phase transformations that are triggered by optically induced electron injection
opens the possibility of designing hybrid nanostructures with unique nonequilibrium properties as a critical step for all-optical
nanophotonic devices with optimizable switching thresholds.
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hase transitions in quantum materials can provide

functionality in nanophotonic devices"” because the
interplay among microscopic charge, lattice, and orbital>*
degrees of freedom conspires to generate tunable macroscopic
quantum phenomena such as multiferroicity,® insulator-to-
metal transitions,® and colossal magnetoresistance.7 Ultrafast
optical excitation of phase-changing materials (PCMs) provides
the ultimate noncontact control over these properties by
creating transient states of matter not readily accessible under
equilibrium conditions. Recently, phase-transition (PT) events
have even been shown to occur on a time scale shorter than a
single phonon period, driven by a rapid modification in the
lattice potential-energy surface.*® These observations suggest
that the PT can perhaps be triggered on even faster time scales
by ultrafast perturbation of the lattice potential, possibly even
revealing the ultimate mechanism for the optically induced PT.
Moreover, in a recent study by Hada et al.'® the PT in
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vanadium dioxide (VO,) was triggered at time scales of tens of
picoseconds, induced by electrons that were excited in a thick
gold electrode by a femtosecond laser and injected into VO, by
an applied electric field. At these time scales, the excited
electrons have already achieved equilibrium with the lattice.
In this Letter, we demonstrate an all-optical method for
triggering the PT in VO, on a femtosecond time scale by
nonequilibrium hot electrons. By exploiting the properties of
plasmonics, ballistic electrons generated by femtosecond laser
excitation of a sparse network of gold nanoparticles are
photoinjected into vanadium dioxide (VO,) nanoislands across
the Au/VO, interface. The resonant plasmonic excitation of the
metallic nanostructures results in a subpicosecond photo-
injection process that reduces the switching threshold by at
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Figure 1. Characterization of hybrid Au/PCM-VO, nanomaterial. (a) Schematic of the hybrid nanomaterial with S nm thin Au-nanomesh coating
the vanadium dioxide nanoislands (40 nm nominal height). (b) Scanning electron micrograph of the hybrid nanomaterial. (c) White-light
transmission hysteresis measurement of Au/VO, hybrid (yellow) and pristine VO, nanoislands (purple) samples when modulated thermally. Note
that T is ~68 °C in both cases. (d) Extinction spectra of the two samples (purple: pristine VO, and yellow: Au/VO,) when at 25 °C (insulating
VO,) and 100 °C (metallic VO,). Note the increase in extinction in both cases where the VO, switches metallic (darker yellow and darker purple)
(e) Differential extinction spectra of panel (d), depicting the plasmonic response of the Au-nanomesh that blue shifts slightly when the VO, switches

from insulating (black) to metallic (yellow).

least a factor of 5 in the nonequilibrium limit. Furthermore, we
demonstrate that the ultrafast response of this hybrid
nanostructure is distinctly different from that of the pristine
VO, material.

Density functional calculations are used to explore possible
mechanisms for the observed ultrafast PT triggered by injected
electrons. We find that a critical density of injected electrons
causes a catastrophic collapse of the A;; phonon mode of the
insulating VO, lattice, resulting in the observed subpicosecond
insulator-to-metal transition. These results therefore illustrate
how plasmon damping by hot-electron effects, detrimental in
plasmonic circuitry due to linewidth broadening,'" can actually
be harnessed constructively when combined with PT processes.
More importantly, when compared to the pristine PCM, the
properties of the hybrid nanomaterial remain unaffected in the
steady-state thermal equilibrium limit while exhibiting a
radically different response in the nonequilibrium regime.

Previous studies of hybrid materials comprising plasmonic
and phase-changing components have used the phase transition
to trigger modulation of plasmon wavelength®'> or used the
plasmon resonance or linewidth as a probe of the quantum
material.">~'> Recently, optical devices incorporating vanadium
dioxide have also been described.’®!” In these studies, the VO,
is deployed in a way that uses the phase transition in thermal
equilibrium and on micrometer scale lengths to alter plasmonic
response. In contrast to these examples, in the present work,
the hybrid nanostructure is itself considered as a reconfigurable,
nanoscale design element, in which the active, electronic
response of the plasmon is used to induce a dynamic response
in the phase-changing material on a nonequilibrium time scale.
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To demonstrate this general design strategy, samples of the
hybrid nanomaterial are fabricated first by growing VO,
nanoislands on quartz substrate by a pulsed-laser deposition
method:'® (i) ablation of a vanadium metal target using a KrF
excimer laser (4 = 248 nm; 25 ns pulse duration; 3.84 J/ cm?
fluence, 25 Hz repetition rate, 40 nm nominal thickness) in 10
mTorr of O, environment; (ii) a subsequent thermal anneal at
450 °C in 250 mTorr of O, for 45 min to render the
nanoislands stoichiometric and crystalline in the M1 insulating-
phase, which exhibits switching behavior, that is, a phase
transformation to a metallic phase at 68 °C.'"*" The control
sample comprised pristine VO, nanoislands of 40 nm nominal
height and lateral dimensions ranging from 50 to 200 nm; the
other sample was coated with 5 nm thick gold by electron-beam
evaporation, using a quartz crystal microbalance to monitor the
thickness. The resulting VO,/Au-nanomesh is shown in Figure
1ab.

Below T, ~ 68 °C, VO, is an insulator with monoclinic (M1)
structure, while above T, it is metallic with a rutile (R)
structure,”® accompanied by drastic changes in its near-IR
dielectric properties.'” We compare the switching properties of
the pristine and hybrid nanomaterial through broadband
transmission hysteresis measurements in which white light
from a 3000 K tungsten lamp is focused onto the sample using
a 5%, 0.12 NA microscope objective onto the sample and
collecting the transmitted light via a 5X, 0.20 NA microscope
objective. An InGaAs photodiode placed at the back focal plane
of the objective was used to collect the transmitted light while
the sample was thermally modulated by a Peltier cooler. The
temperature was monitored in situ by a K-type surface-
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Figure 2. Ultrafast optical measurements. Ultrafast differential transmission data taken at 300 K over a range of 250 ps in pump—probe delay at all
pump fluences for pristine VO, (a—h) and hybrid Au/VO, nanomaterial (i—p). Ultrafast responses for an exciting pump fluence of 1.13 mJ/cm? for
pristine VO, (d) and hybrid Au/VO, nanomaterial (1) during the first 10 ps. The open squares are experimental data while the green lines are fits to
the data. In (1), complete electronic and structural transformation has already been achieved for the hybrid nanomaterial. The measured rise times for
the pristine VO, and hybrid nanomaterial samples are 264 + 28 and 289 + 31 fs, respectively, comparable within experimental variations. The dotted
lines are guides to the eye depicting the approximate point of maximum metallicity. This slower dynamics is discussed in the Supporting Information.

mounted thermocouple. By comparing the critical insulator-to-
metal switching temperature (T.) of the two samples (Figure
1c) we see they behave similarly in the thermal equilibrium
regime. Compared to the sharp 1—3 K hysteresis of bulk single-
crystal, nanoscale VO, exhibits an enhanced hysteresis width
because of intrinsic size effects.*' In the present case, the
integrated white-light transmission hysteresis curves exhibit
switching temperatures of ~ 68.1 and 68.7 °C for pristine VO,
and hybrid Au/VO, nanoislands, respectively. The minimal
variation in both the phase-transition temperature (T ~ 68 °C)
and amplitude of the transmission change (~ 12%) between
the two samples ascertain that the annealing conditions were
optimal, that is no conversion to other oxidized phases resulted.
This is consistent with earlier experiments that produced
switching VO, nanoparticles."®'** More important for our
purpose here, deposition of the Au-nanomesh on the PCM
does not substantially alter the equilibrium switching properties
of either the electronic or structural transitions.

This result is in sharp contrast to a recent study where VO,
was doped by Au nanoparticles; Au dopin§ drastically modified
the thermal character of the VO, PT.>® However, here we
observe a constant T. even when Au coats these smaller
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nanoscale volumes of VO, nanoislands, and even when greater
contact electrification effects would, in principle, be noticeable
due to strong dependence on effective contact area.**
Extinction measurements were also acquired by replacing the
photodiode with a spectrometer in this quasi-confocal
geometry. Spectroscopic measurements (Figure 1d) exhibit
the characteristic properties of VO,, displaying a sharp but
static feature at about 390 nm corresponding to the O 2p—V
3d absorption peak and the appearance of a dipolar near-IR
response in the VO, nanoislands when metallized (darker
purple)."”” When normalized to the pristine VO, nanoislands,
the Au-nanomesh spectra display a plasmonic response
centered at 800 nm, near the 790 nm pump wavelength. The
resonance of the Au-nanomesh is broadened due to the large
size distribution of the underlying VO, nanoislands and blue
shifts by about 3 nm when VO, undergoes its characteristic PT
(Figure le).25

To demonstrate the ultrafast nonequilibrium optical
response of the hybrid material, we now compare systematically
the differential transmission of both samples in a non-
degenerate pump—probe scheme as a function of laser fluence
(Figure 2, at 300 K). A 60 fs, 790 nm (1.57 eV) pump pulse
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Figure 3. Electronic and structural lifetimes. (a) Electronic decay lifetimes for the Au (empty squares), pristine VO, (purple filled squares), and Au/
VO, nanomaterial (yellow filled squares). Note (i) the electronic lifetime for the Au has a relatively constant value of ~1 ps and (ii) the pristine VO,
has a switching threshold at about 1.2 mJ/cm? (b) Structural lifetimes for VO, with (yellow filled circles) and without (purple filled circles) Au-
nanomesh. In both (a) and (b), the electronic and structural lifetimes of the Au/VO, nanomaterial are already higher than those of the pristine VO,.
In this case, no threshold at the lowest fluences is found, suggesting an already switched state.

above the 0.67 eV VO, band gap® excites a 67 yum diameter
spot on the samples at an angle of 12° with respect to the
probe, delayed in time by a translation stage. The probe,
generated by optical parametric amplification and incident
normal to the sample with a pulse duration of ~40 fs, was
tuned to 3100 nm (0.4 eV) to maximize dielectric contrast
between the “on” (metallic) and “off” (insulating) states. This
enabled detection of only a few hundred um® of PCM-VO,. At
a laser repetition-frequency of 100 kHz, the VO, nanoislands
recovered to their insulating phase between pulses, confirmed
by the negligible background transmission signal at negative
time delays.

For the pristine VO, nanoislands, pump fluences below
threshold result in a large, fast transient transmission that
decays rapidly to its original value (Figure 2a—c). This fast-
decaying signal resembling a typical semiconductor response is
associated with the interaction of the laser field with the
electronic system and is characterized by 7, the electronic
lifetime component of VO,.* However, at a pump fluence of
1.13 mJ/cm* (Figure 2d), two ultrafast components emerge,
namely a fast electronic response at ~0 fs due to the insulator-
to-metal transition accompanied by a gradual, slower response
decrease in transmission that reaches a second minimum at
about 75 ps, signifying the initial structural transformation of
the VO, nanoislands, and characterized by a lattice relaxation
time, 7. This fluence threshold corresponds to one photon
interacting with about 70 unit cells and agrees with previous
experimental findings when one accounts for the VO, filling
fraction in our material (see Supporting Information). This
minimum in differential transmission is associated with the
slower structural dynamics of the monoclinic-to-rutile tran-
sition. This signature occurs earlier with increasing fluence and
with intensities that create electron densities of order 102°—10*
electrons/cm® in VO,, similar to carrier densities in the VO,
metallic state at thermal equilibrium. Above this threshold, an
almost instantaneous transformation to a metallic phase with a
characteristic steplike response occurs, corresponding to the
rutile (R) structural phase, as described by Cavalleri et al. in
ultrafast X-ray studies.””

At the lowest pump fluence where only traces of structural
PT in the hybrid Au/VO, nanoislands are observed (0.28 m]J/
cm?, Figures 2i, 3ab), each electron created by the Au-
nanomesh interacts with about 160 + 20 unit cells,
corresponding to electron densities of roughly § X 10"’ cm™

1130

in VO, (see Supporting Information). Simultaneously, at this
lowest fluence, direct photon interactions with the VO, lattice
create about one electron—hole pair for 400 unit cells. Because
the concentration of electron—hole pairs is clearly not sufficient
to trigger the structural phase transition in VO, (Figure 2a), the
injected electrons augment this effect and consequently assist in
switching VO, even with laser fluences that are below the
switching threshold for pristine VO, (Figure 2d, 1.13 mJ/cm?).
Although another possible mechanism could be a local
electromagnetic field enhancement near the VO, due to the
plasmonic Au-nanomesh, the modification of carrier density via
a Poole-Frenkel effect would instead cause a slow phase
transition, driven thermally by electron—lattice coupling and
with a picosecond rise time, as demonstrated by Liu et al.*®
Moreover, strong electromagnetic field enhancement derived
from split-ring resonators did not affect the intrinsic properties
of VO, phase transition even at the nanoscale when similar
steady-state experiments were carried out.'* Therefore, in the
present case hot-electron injection from the plasmonic Au-
nanomesh is the mechanism that activates the subpicosecond
PT of VO, adding to the incubation effect arising from
electron—hole pair generation (Figure 4).

Density functional theory can provide insights into the
mechanism by which the injected electrons modify the
dynamics of the phase transition. The mechanism responsible
for optically induced PT solely in VO, has already been the
subject of much discussion in the context of an ongoing debate
about whether strong electron correlations dominate the
response of electrons in VO,, or whether contrariwise
conventional single-particle energy-band formalism, as exem-
plified in density functional theory (DFT), is sufficient; this
debate has been reopened and sharpened with the advent of
newer hybrid functionals for the exchange-correlation func-
tion.>” It has been suggested that photogenerated carriers above
a critical density screen out the intrasite Coulomb repulsion,
leading to the melting of the Mott insulating state.>®
Alternatively, it has been proposed that electron—hole
excitations destabilize the V-V dimers, generating excess
phonons in the 6 THz band and inducing the phase
transition.”>**> Here we used DFT calculations to explore
the mechanisms of the optically induced PT and the role of the
injected electrons in which the Hubbard U in the GGA+U
method is adjusted to provide a satisfactory description of both
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Figure 4. Mechanism of ultrafast switching in hybrid Au/VO,
nanomaterial. (a) Band structure of gold near the Fermi surface for
the lowest possible interband transition; this structure shows that hole
injection from d-bands is not possible by excitation with a 790 nm
(1.57 eV) pump pulse.”® (b) Energy band diagram of Au and VO,
before contact with respective work functions adapted from refs 23, 30,
and 31. (c) Schematics after contact at 7 = 0 ps, when the pump pulse
(50 fs, 1.57 eV) both creates hot electrons in Au via intraband
transition and excites electrons from the d; valence band to the e,*
conduction band. The hot electrons injected across the interface
couple to the cold VO, lattice within the first picosecond to overcome
the switching threshold and thereby trigger the structural phase
transformation concurrently. Following excitation (z > 2 ps), an ohmic
contact is formed when VO, transforms from an insulator to a metal.

the insulating and metallic phases of VO, (see Supporting
Information).

First, we vary the number of electron—hole pairs in a VO,
supercell comprising 27 monoclinic M1 unit cells by manually
placing electrons in the conduction bands and holes in the
valence bands, constraining band occupancies accordingly and
computing the corresponding phonon spectra. The results are
shown in Figure 5. Comparing panels a—c in Figure S, we see
that presence of a single e—h pair per supercell shows softening
of the 6 THz mode at the I" point; introduction of a second e—
h pair softens the mode further (see Supporting Information)
while exciting four e—h pairs leads to negative frequencies
(Figure Sc), which amounts to a destabilization of the VO,
system leading to the PT. The critical e—h concentration is
about 10*' cm™.

Because the presence of holes is known to cause structural
relaxation of the V=V dimers®® we also studied the mechanism
of phase transition in purely hole-doped VO, by removing
electrons from the valence band maximum (VBM). We once
again found the 6 THz phonon to soften selectively, reaching
negative frequencies at a concentration similar to that for the
e—h pair creation (see Supporting Information). Close
inspection of the induced electron-density difference (Figure
6) shows that the removed electrons mainly occupied the d,,
orbitals of V atoms, the orbitals responsible for the V—V dimer
binding.*® Just as when electron—hole pairs are excited, a
similar concentration of holes is required for the 6 THz phonon
to reach negative frequencies, confirming that holes play a
major role in this ultrafast phase transformation.

We subsequently performed calculations to simulate the
injection process, corresponding to the experimental data
reported above (Figure 2i—p). These calculations are based on
periodically repeated supercells so that the addition of electrons
is automatically compensated by a uniform positive background
(see Supporting Information for further details). In this case,
we see that addition of up to 16 electrons per supercell leaves
the phonon spectrum of the VO, bulk material virtually
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Figure S. Density functional calculations of phonon spectrum of VO,. Density functional calculations of the phonon spectra (a) of neutral VO, and
(b,c) when one and four electrons, respectively, are excited from the valence band maximum to the conduction band minimum. (d) Schematic of the
critical phonon mode at 6 THz. Phonon spectra of VO, with (e) 17 electrons and (f) 18 electrons injected into the VO, supercell. These values

correspond to an electron density of about 10?' cm™.
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a. atomic structure

b. hole creation c. electron injection

Figure 6. Induced electron-density difference. (a) Atomic structure of VO,. The dotted lines depict the dimer pairs that connect the vanadium atoms
via the 3d,, orbitals. (b) Charge density difference resulting from removal of one electron from the valence bands. The isosurface of the hole density
is 1.2 X 107 e A=, (c) Charge density difference between addition of 18 and 16 electrons into the conduction bands. The isosurface of the electron

density is 2.4 X 107 e A™3.

unaltered. However, adding a single additional electron to the
system (now 17 extra electrons) shows clear sign of the 6 THz
softening at the I" point (highlighted red in Figure Se) and just
one more injected electron (overall 18 extra electrons) results
in a catastrophic phonon collapse to a negative frequency
(Figure Sf). These excess electrons correspond to an electron
density of 10?! cm™, similar to experimental values at
saturation level (i.e, when the entire VO, volume has
switched). While changes to other phonon modes are rather
subtle, the collapse of the 6 THz mode is clearly visible. Its
atomic motions correspond to the two V atoms forming a V=V
dimer vibrating along the [001] direction and tilted from the
M1 g-axis, as schematically represented in Figure Sd.

Previous experimental work already recognized the role of
the 6 THz phonons in triggering the structural phase transition
of VO,,*3%3* even suggesting it as an ultrafast marker of the
phase transition,*” but its role has been interpreted as the
excitation of a critical density of 6 THz phonons.>* Our
calculations show for the first time that the catastrophic
collapse of the 6 THz phonon band is a direct consequence of
photoexcitation or electron injection, accounting for the
experimental finding of an ultrafast phase transition driven by
electron injection. Electron injection is less effective than
directly removing an electron from the VO, orbitals by a factor
of about four.

As shown by the calculated spatial maps of induced electron-
density difference (Supporting Information Figure S4), the
electrons are injected into the spatially extended conduction
band of the VO,, therefore indirectly destabilizing the V-V
dimer orbitals. The importance of this orbital contribution to
the VO, PT has recently been highlighted by Weber et al.**
The electron injection process discussed here therefore
identifies an additional degree of freedom that controls
externally the ultrafast properties of PC-VO,. In the present
case, the combined effect of electron injection with electron—
hole pair creation in the VO,, which by itself is not enough to
initiate the structural phase transition at the lowest laser fluence
(0.28 mJ/cm?*) softens the 6 THz mode up to the point of
collapse, marking the onset of the phase transition.

The analysis presented here demonstrates that hot electrons
can be harnessed to increase the efficiency with which a phase
transformation is triggered on a nonequilibrium, ultrafast time
scale. Furthermore, other plasmonic materials with lower work
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functions together with optimized nanophotocathode architec-
tures can now be designed to meet specific constraints. Because
the VO, phase transition can also be controlled by hole
injection, albeit with lower mobility,**** transistor-like designs
that include spectrally selective quantum dots can also be
envisioned.** Moreover, by examining how plasmonic nano-
structures can couple to other transition-metal oxides, for
example, by increasing the absorption cross-section, this could
result in efficient optically gated electronics,** controlling and
manipulating materials properties via selective, wavelength-
dependent ultrafast creation of nonequilibrium states.

More broadly, using VO, as a prototypical PCM, ultrafast
electron-injection could modify other phase-transition phenom-
ena via dynamic tuning of the Fermi level, potentially inducing
phase transition-like properties in dielectrics as well.* In
addition, the combination of experiment and theory in this
work highlights the essential role played by phonon modes of
the VO, system in effecting the phase transition. This opens the
door to studying the fundamental size limit required for the
vibrational modes and phonon density of states to fully develop,
thus allowing switching to be realizable in PCMs.*"**
Potentially, one could tailor the emission of coherent acoustic
or longitudinal phonon modes to match particular vibrational
modes of a PCM to trigger its phase transition.*’

Ultimately, these studies will enable the design of hybrid
nanomaterials with enhanced reconfigurability for realizing all-
optical modulators operating at optimizable switching thresh-
olds for the next-generation nanophotonic devices. Such
devices would rely on nonequilibrium transient states of these
hybrid PT materials that can be manipulated by dynamic charge
doping. Hybrid nanomaterials thus have the potential to
generate novel ultrafast, nonequilibrium phase-diagrams that
reveal emergent dynamical phenomena. However, detailed
studies of hybrid nanomaterials dynamics will be necessary to
reveal novel physical processes that do not typically occur
within one class of material even under equilibrium conditions.

B ASSOCIATED CONTENT

© Supporting Information

Details of the ultrafast measurements, along with details of the
computational methods and additional phonon spectra. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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