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Phase diagram of the ultrafast photoinduced insulator-metal transition in vanadium dioxide
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We use time-resolved terahertz spectroscopy to probe the ultrafast dynamics of the insulator-metal phase
transition induced by femtosecond laser pulses in a nanogranular vanadium dioxide (VO2) film. Based on the
observed thresholds for characteristic transient terahertz dynamics, a phase diagram of critical pump fluence
versus temperature for the insulator-metal phase transition in VO2 is established for the first time over a broad
range of temperatures down to 17 K. We find that both Mott and Peierls mechanisms are present in the insulating
state and that the photoinduced transition is nonthermal. We propose a critical-threshold model for the ultrafast
photoinduced transition based on a critical density of electrons and a critical density of coherently excited phonons
necessary for the structural transition to the metallic state. As a result, evidence is found at low temperatures
for an intermediate metallic state wherein the Mott state is melted but the Peierls distortion remains intact,
consistent with recent theoretical predictions. Finally, the observed terahertz conductivity dynamics above the
photoinduced transition threshold reveal nucleation and growth of metallic nanodomains over picosecond time
scales.
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I. INTRODUCTION

Correlated electron materials can exhibit a diverse array
of dramatic physical behavior, but understanding the origins
of their emergent phenomena is hindered by the inherent
difficulty of solving many-body problems. Vanadium dioxide
(VO2) has been intensely studied as a model system for metal-
insulator transitions ever since its phase switching behavior
near room temperature was discovered in 1959.1 Simultaneous
changes to both the electronic structure and crystal lattice have
complicated the interpretation of the phase change, and a com-
prehensive description remains elusive. Competing theories
have long attributed the effect to exclusively either a Peierls
instability2–4 or a Mott transition5,6 citing electron-phonon
or electron-electron interactions as the dominant mechanism,
respectively. A more recent theoretical study highlighting the
importance of both correlations for low temperature ordering7

represents a potential breakthrough and suggests that a bare
description of low temperature VO2 as purely either a Mott or
a Peierls insulator is insufficient. However, the debate is still
ongoing.8–14

At low temperatures, VO2 is insulating and monoclinic,
with the dimerization of vanadium ions responsible for the
localization of the outer-shell vanadium electrons [Fig. 1(a)].
The V-V pairs are characterized by an intradimer atomic
separation reduced relative to the interdimer spacing and a
tilting relative to the c-axis. Heating VO2 above the 340 K
insulator-metal phase transition temperature produces a rapid
increase in electrical conductivity that is accompanied by a
relaxation of the lattice to a rutile structure [Fig. 1(b)]. In the
high temperature lattice, the vanadium dimers are dissociated
resulting in a halving of the unit cell and the release of
one conduction electron per vanadium ion. Since the phase
transition is first-order, driving the system from the insulating
to metallic state requires a latent heat, which is associated with
changes to both the lattice and electronic entropy.15

The observation that the insulator-metal phase change can
alternatively be stimulated by an ultrafast optical pulse,16

coupled with the increased accessibility of ultrafast laser
systems and techniques in recent years, has sparked much
experimental investigation of the ultrafast photoinduced phase
transition in VO2. Deciphering its mechanism promises to lend
vital insight into the nature of the insulating and metallic states.
The subpicosecond time scale of the photoinduced transition
to the metallic state has been interpreted as an indicator of
possible nonthermal behavior,17–20 since the insulator-metal
change can occur faster than the 1 ps hot carrier relaxation time.
The phase change rate further scales with pump pulse width
to a minimum transition time of 80 fs,21 which corresponds to
approximately one-half period of the 5.85 THz and 6.75 THz
phonons that stretch and twist the V-V dimers and map the
insulating lattice onto the metallic lattice. The importance of
these structural “transition phonons” has also been identified
using ultrafast time-resolved terahertz (THz) spectroscopy (or
optical-pump/THz-probe) techniques.18,20 Using ultrabroad-
band THz pulses, Kübler et al. determined that photoexcitation
induces a coherent phonon oscillation at 6 THz in addition
to electronic excitations,18 as illustrated in Fig. 1(c). Their
observations led them to propose a model in which the removal
of an electron from a vanadium dimer leads to a destabilization
of the dimer and a local oscillation, where the lattice settles
into the metallic state if the optical pump fluence exceeds some
critical, temperature-dependent threshold. While the coherent
oscillations were observed for only picoseconds,18,20 time-
resolved x-ray diffraction measurements of the photoinduced
transition have revealed that unit cell vibration persists for
100 ps,22,23 indicating that the disappearance of the 6 THz
oscillations from the THz spectroscopy measurements is
likely a consequence of a loss of coherence rather than
a thermalization of the selectively excited lattice oscilla-
tions. Furthermore, the nature of correlated-electron physics
in VO2 has spurred investigations of photoinduced phase
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transitions in other materials,24–27 where observations of
coherent excitations24,26,27 indicate that collective motion may
not be exclusive to VO2, but rather a central feature of ultrafast
insulator-metal transitions in materials.28 Finally, an optical-
pump/THz-probe investigation revealing enhanced photosus-
ceptibility of a VO2 film as its base temperature is increased
towards the transition temperature confirms the interplay
between thermal and optical effects near room temperature.19

However, the detailed relationship between temperature and
optical excitation is an outstanding question, and the actual
nature and functional form of the critical optical-pump fluence
threshold for phase switching, especially at low temperatures,
has not been fully addressed experimentally. Furthermore,
despite encouraging results, including an apparent nonthermal
phase change stimulated by coincident electron and optical
pulses,29 the distinction between thermal and nonthermal
effects can be obscured at the high temperatures typically
studied. Most significantly, the primary question regarding
the driving force of the phase transition and its relation to the
character of the correlated insulating state remains unsolved.

In this paper, we use time-resolved THz spectroscopy
(TRTS) to address each of these outstanding questions through
the creation of an optical pump fluence versus temperature
phase diagram of the ultrafast photoinduced insulator-metal
transition. By exploring a broad range of optical pump fluences
and extending the phase diagram to low temperatures, we gain
valuable insight into the nature of the VO2 insulator-metal
transition. Specific regions in the phase diagram are defined
experimentally by the observed changes to the photoinduced
THz conductivity dynamics. As an ultrafast, noncontact probe
of nanoscale, transient free-carrier conductivity,30,31 THz
spectroscopy is ideal for studying the VO2 insulator-metal
transition.18–20,32–36 We show for the first time the ultrafast
photoinduced insulator-metal transition in VO2 below 250 K,
and our wide temperature range reveals its functional tem-
perature dependence. (We note that Paskhin et al.20 extended
their study down to 10 K but did not have sufficient laser
pump fluence to drive the phase transition at low temperatures.)
The phase diagram provides strong evidence that the photoin-
duced phase change does not arise simply from laser-heating
effects. Rather, the data can be well-described by a novel
nonthermal threshold model that relies on a critical density
of 6 THz transition phonons to act as a “structural trigger”
for the insulator-metal lattice change. Crucially, the transition
phonons can be selectively excited by hole photodoping18,20 to
a non-equilibrium population, so the photoinduced transition
requires less energy than heating the film across the phase
transition temperature. Furthermore, the photoinduced phase
transition can be driven over subpicosecond (<0.5 ps), ultrafast
time scales but only if a critical electron density equal to the
electron density in the fully metallic state is excited. Since
the critical 6 THz phonon density represents a threshold for
breaking the Peierls distortion and the critical electron density
is required to alleviate the on-site repulsion and melt the
Mott state, the ultrafast insulator-metal phase transition can
be described as a breaking of the cooperative Mott-Peierls
insulating state. However, a low temperature region of the
phase diagram with unique THz conductivity dynamics reveals
the existence of an “intermediate” metallic state formed by
breaking the Mott condition while leaving the Peierls distortion

FIG. 1. (Color online) Photoinduced insulator-metal phase tran-
sition in VO2. (a) Low-temperature, monoclinic lattice associ-
ated with vanadium dimerization and insulating band structure.
(b) High-temperature, rutile lattice with metallic band structure.
Orange (gray)-filled regions of the band structure denote occupied
states. Only vanadium ions are shown in the lattice structures. In the
metallic state, each V is centered in an oxygen octahedron, which
remains stationary across the transition. (c) Photoexcitation with
800-nm (1.55 eV) pump pulses results in the excitation of conduction
electrons and the selective excitation of 6 THz phonons, which map
the insulating lattice onto the metallic lattice. (d) Nucleated metallic
nanodomains grow over time if sufficient structural relaxation in the
form of a critical density of 6 THz phonons has been achieved in the
surrounding region.

intact. Finally, we observe nucleation and growth of metallic
nanodomains [Fig. 1(d)] over picoseconds time scales that are
consistent with our interpretation of the transient conductivity
dynamics described in the phase diagram.

II. SAMPLE CHARACTERIZATION AND
EXPERIMENTAL DETAILS

Key in our ability to interpret the phase diagram is the
detailed, steady-state sample characterization already reported
in Ref. 32 where terahertz time-domain spectroscopy (THz-
TDS) was used to measure the increase in THz conductivity
as the VO2 film was heated through the insulator-metal
transition. As a result, we have a detailed map of the THz
conductivity progression in the thermal transition region that
provides an essential benchmark for the ultrafast photoinduced
THz conductivities reported here. Spectroscopic analysis of
the heated transition reported in Ref. 32 not only provides
crucial parameters for comparison with the thresholds in the
photoinduced transition phase diagram but also allows for
a reduction of the number of degrees of freedom in the
analysis of the photoinduced transient metallic state detected
via time-resolved terahertz spectroscopy.
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FIG. 2. (Color online) (a) Scanning electron microscope image
of the nanogranular VO2 film. (b) DC conductivity of the film heated
through the insulator-metal phase transition measured by four-point
probe.

Details of the sample growth and morphology have been
discussed elsewhere.32 Briefly, the 130-nm-thick VO2 film
was deposited by sputtering on a 500-μm-thick a-cut sap-
phire substrate. The film has nanogranular morphology, as
shown in Fig. 2(a), with an average nanograin diameter of
94 nm with a standard deviation of 26 nm. The nanograins
themselves are polycrystalline, where the crystallinity was
confirmed by x-ray diffraction. The filling fraction of the
film was estimated to be about 0.6.32 It is important to
consider potential morphology-based complications that may
modify the intrinsic behavior of the VO2 phase transition.
Size-dependent effects have been observed in VO2 films and
nanostructures37–40 (for example, an unusual, low-temperature
insulating lattice structure in VO2 nanoparticles38) but do not
appear above a threshold size in the range of 20–50 nm.38,39

Consequently, we do not expect the nanograin dimensions
to play a significant role in the phase transition of our
sample. As for the polycrystalline nature of the nanograins
themselves, studies of the photoinduced VO2 phase transition
have been largely confined to polycrystalline samples to
date. Single crystal VO2 is available but has the well-known
limitation of fracturing upon thermal cycling, making many
potential studies unfeasible. While it is generally assumed
that polycrystalline samples are an accurate representation
of the intrinsic nature of VO2, some differences have been
observed.41 For example, polycrystalline VO2 films tend to
exhibit larger insulating and smaller metallic conductivities
compared to single crystals due to a high density of defect sites.
Overall, we believe that our nanogranular thin film sample
will provide good physical insight into the insulator-metal
phase transition in polycrystalline VO2, and by extension,
into the intrinsic nature of the phase transition in pristine
single crystal VO2. In the analysis of the phase diagram
for this sample, the nanogranular-filling fraction will need
to be taken into consideration. However, knowledge of the
sample morphology gained from the SEM pictures will allow
for accurate calculations. It should be noted that a detailed
understanding of the effects of sample morphology on carrier
transport for ultrafast studies of polycrystalline VO2 thin films
does not appear to be common. Based on the strong influence
of nanograin boundary scattering on carrier motion,32 one

must proceed with caution when detecting and interpreting the
emergence of the metallic state through free-carrier motion.
The well-understood carrier conductivity in the thermally
induced metallic state in our sample32 provides the essential
map for the phase diagram.

The thermal transition of the VO2 film in the heated
direction is centered at 340 K, beginning at 330 K and ending at
350 K, as shown in Fig. 2(b). The relatively low dc conductivity
compared to some other polycrystalline VO2 samples is a
consequence of the suppression of long-range conductivity by
nanograin boundary scattering and is discussed extensively
in Ref. 32. Above 350 K, free-carrier absorption in the
metallic state resulted in a 33.5% reduction of the transmitted
THz pulse peak relative to the transmission in the insulating
state (<330 K).32 The THz conductivity change observed
upon heating the nanogranular thin film sample past the
transition temperature was described in Ref. 32 using the
Drude-Smith model, a modified Drude model42 capable of
reproducing the localization signature caused by nanograin
boundary confinement.30–32,43–47 The average electron density
in the fully metallic state was found to be (5.2 ± 0.4) × 1020

electrons/cm3.32

In the present study, the transient THz conductivity dy-
namics for a given optical pump fluence and temperature
were measured by observing the modulation of the peak of
the transmitted THz probe pulse (−�T/T ) as a function of
pump-probe delay time, as illustrated in Fig. 3. An amplified
Ti:sapphire laser system was used to produce 100-fs, 800-nm
pulses, which were split into optical pump, THz generation,
and THz detection beams. The THz pulses were generated by
optical rectification in a [110] ZnTe crystal. The amplitude
and phase information of THz pulses transmitted through the
sample were coherently detected in another [110] ZnTe crystal
by free-space electro-optic sampling with the detection beam.
The 800-nm pump pulses were collinear with the THz probe
pulses and illuminated the sample at normal incidence. A
delay stage controlled the delay time between optical pump
and THz probe pulses, and the rise time of the pump-induced
modulation of the THz probe pulse transmission was limited
to 0.5 ps. The sample was mounted on a cold finger behind
a 1-mm aperture. The pump beam diameter was set to
2 mm in order to obtain the necessary pump fluences for
driving the phase transition at low temperatures. However,
the aperture ensured uniform pump beam illumination of
the VO2 film, as confirmed by spectroscopy of a GaAs
test sample, and allowed for an accurate calibration of the
incident pump fluence. In order to accurately calculate
the absorbed pump pulse energy in the film, we measured
the reflection (30.5%) and penetration depth (288 nm) of the
VO2 film for our pump wavelength of 800 nm. In finding
the penetration depth using a UV-VIS spectrometer, care was
taken to properly reference the transmission through the VO2

because the reflection off the film and the reflection off the
bare substrate were significantly different. Furthermore, when
converting the absorbed pump-pulse energy density at the back
surface of the film into a corresponding incident pump fluence,
the contribution of the pump reflected off the VO2-sapphire
interface was included. Both the sample holder and the entire
THz beam path were enclosed in a vacuum chamber so the THz
pulses were unaffected by water vapor or window absorption.

155120-3



T. L. COCKER et al. PHYSICAL REVIEW B 85, 155120 (2012)

FIG. 3. (Color online) (a) Experimental setup for time-resolved
THz spectroscopy of the VO2 film. The sample is mounted behind an
aperture on a cold finger that can be cooled to 17 K. The insulator-
metal phase transition is photoinduced in the VO2 film by an 800-nm,
100-fs optical pump pulse and then probed by a picosecond-duration
THz probe pulse. (The 800-nm pump pulse, which is colinear with
the THz probe pulse in the experiment, is displaced in the figure for
clarity.) (b) The electric field of the transmitted THz probe pulse is
modulated by free carrier absorption in the photoinduced metallic
state. Reference and pumped waveforms indicate THz probe pulse
transmission through the insulating state and photoinduced metallic
state, respectively. The inset shows the THz pulse bandwidth.

The cold finger was cooled with liquid helium, and the sample
temperature could be set and held constant with a maximum
deviation of 0.1 K down to 17 K. At each temperature setpoint
the system was given 30 minutes to stabilize to ensure full
thermalization of the VO2 sample.

III. RESULTS AND DISCUSSION

A. Transient THz conductivity dynamics

Using 800-nm, 100-fs pump pulses, the characteristic opti-
cal pump-fluence dependence of the transient THz conductiv-
ity of the VO2 film at low [Fig. 4(a), 54.6 K] and high [Fig. 4(b),
288.3 K] temperatures was found to be markedly different. The
changes to the THz dynamics for a given pump fluence as a
function of temperature are further highlighted in Fig. 4(c)
and Fig. 4(d). At high temperatures, the progression of the
THz response with increasing pump fluence closely resembled
the dynamics reported in previous optical-pump/THz-probe
studies of VO2 above 250 K.18–20,35 The low-fluence signal
is characterized by a sharp, semiconducting-like peak with
a 0.5 ps rise time (limited by the setup) and a fast decay
time on the order of 1 ps. Other studies have observed similar
behavior in VO2 at low fluences and reported a decay that is
faster than exponential, indicative of self-trapping.18,20 Above
a certain optical pump-fluence threshold at high temperatures,

FIG. 4. (Color online) Optical-pump/THz-probe dynamics of
the ultrafast photoinduced metallic state in the VO2 film. The
negative differential modulation of the THz pulse transmission,
−�T /T , represents the photoinduced conductivity dynamics in the
VO2 sample. THz conductivity dynamics at (a) 54.6 K and (b)
288.3 K illustrate the differences in onset and evolution of the metallic
state at low and high temperatures, respectively, as a function of
optical pump fluence. The THz conductivity dynamics at fluences
of (c) 7.3 mJ/cm2 and (d) 11.0 mJ/cm2 illustrate the progression of
the conductivity response as a function of temperature at constant
fluence. The fast initial rise of the THz modulation signal is limited
by the 0.5-ps time resolution of the time-resolved THz spectroscopy
setup. After 0.5 ps, a slow rise in THz conductivity is observed at
high temperatures and fluences. At low temperatures and fluences,
an intermediate response emerges with no slow-rise behavior. The
horizontal dashed line indicates the THz modulation observed for the
fully metallic state at 350 K relative to the low-temperature, insulating
state (Ref. 32). (e) Log-log plot of the slow rise THz conductivity
dynamics at 295 K and 5.9 mJ/cm2 showing a crossover between
two characteristic time scales at 20 ps following excitation. Black
solid lines are guides for the eye. (f) The fluence dependence of the
THz pulse-peak modulation at 5 ps pump-probe delay time reveals an
increasing pump fluence threshold for the onset of the metallic state
with decreasing temperature. (g) The difference between the THz
pulse-peak modulation at 25 ps and 5 ps following optical excitation
is used to estimate the magnitude of the slow-rise component. Above
180 K, the onset of the slow rise coincides with the metallic onset, but
below 180 K the emergence of the slow rise occurs at larger fluences
than the metallic threshold, indicative of intermediate metallic-state
dynamics with no slow-rise character.
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the rapid decay is replaced by a slowly rising, long-lived
conductivity commonly associated with the photoinduced
metallic state. The slow-rise component contains two distinct
time scales lasting 20 ps and 100–200 ps, as shown in
Fig. 4(e). Further increasing the fluence eventually leads to
a fast, step-function-like THz conductivity response with a
THz pulse-peak modulation consistent with steady-state THz
measurements of the VO2 film heated well above the transition
temperature.32 The low temperature dynamics, however, differ
significantly in the evolution of the semiconducting peak into
the long-lived, slowly rising metallic conductivity. Specifi-
cally, an intermediate response exists at low temperatures in
which the transient metallic conductivity exhibits no slow rise.
The slow-rise behavior emerges only above a second fluence
threshold, though suppressed in magnitude relative to the
transient behavior observed at high temperatures. Additionally,
the optical pump fluences required to initiate the long-lived
conductivity and full THz pulse-peak modulation increase with
decreasing temperature.

To construct an ultrafast transition phase diagram, the
optical pump-fluence thresholds for the onsets of the various
observed dynamical phenomena were determined over a
wide range of temperatures. The THz modulation signals at
pump-probe delay times of 5 ps and 25 ps were selected as
representative points for quantifying the long-lived metallic
conductivity, and their difference was used to represent the
magnitude of the slow rise. Examples of the pump-fluence
dependence of the THz probe modulation at 5 ps following
photoexcitation at various temperatures are shown in Fig. 4(f),
and the corresponding fluence dependence of the slow-rise
component is shown in Fig. 4(g). The point at which a THz
pulse-peak modulation of 33.5% (observed at 350 K upon
heating) was achieved at 5 ps and 25 ps was also determined
to indicate the formation of the fully metallic state throughout
the film.

B. Phase diagram of the ultrafast photoinduced
insulator-metal transition

1. Constructing the phase diagram

The measured fluence-temperature thresholds for the onsets
of characteristic THz conductivity dynamics were used to
populate the phase diagram of the ultrafast photoinduced
insulator-metal transition in the VO2 sample, as shown in
Fig. 5. The two-dimensional set of points divides the fluence-
temperature space of the phase diagram [Fig. 5(a)] into four
regions with distinct THz conductivity dynamics [Fig. 5(b)].
In region A (dark cyan) the incident fluence is insufficient
to induce long-lived conductivity, and only a fast (∼1 ps),
small amplitude, semiconductor-like response is observed.
Region B (cyan) exists only below 180 K and is populated by
fluence-temperature points where the THz dynamics exhibit
a long-lived but slowly decaying conductivity. Region C
(yellow) is characterized by a transient conductivity that shows
the distinctive slow-rise behavior over a 100-ps time scale.
Region D denotes full metallic modulation of the THz pulse
peak (−�T /T � 33.5%) within 5 ps and can be represented
approximately by a step function with a height corresponding
to the full metallic modulation. Examples of photoinduced
conductivity transients taken along vertical cuts through the

phase diagram at low (80 K) and high (225 K) temperatures
are shown for reference in Fig. 5(b).

The phase diagram is highlighted by a number of striking
features. First, the lowest fluence threshold below 180 K (at the
boundary between regions A and B) is approximately constant.
Above 180 K, the lowest fluence threshold (between regions
A and C) decreases approximately linearly with increasing
temperature. Our metallic fluence thresholds observed at high
temperature are lower than typical values reported in the
literature18,20,35 by a factor of approximately 0.6, which is
consistent with the filling fraction of 0.6 measured by SEM
in our nanogranular film.32 (The nanogranular structure of
the VO2 film looks homogenous to the incident optical pump
pulse, so the absorbed energy we measure is concentrated
within the nanograins. We note, however, that the filling
fraction of the film does not play a role in the construction
of the phase diagram.) Furthermore, the points indicating a
completely metallic film (at the boundary between regions C
and D) have a clear nonzero fluence intercept at the thermal
transition temperature (shaded region), indicating that a latent
heat is required to drive the complete phase change.

2. Comparison to thermal predictions for laser-induced heating

The phase diagram cannot be explained by laser-induced
heating of the film. Based on a 750 K Debye temperature48

and a room temperature heat capacity of 3.0 J/cm3 K,49,50 and
accounting for the 0.6 film-filling factor,32 the heat capacity
of the insulating VO2 film is known at all temperatures. The
latent heat is also known (235 J/cm3, Ref. 49) and can be
similarly corrected using the nanogranular filling fraction
(235 J/cm3 × 0.6 = 141 J/cm3). Following Ref. 20, the
thermal properties are assumed to be the same for single crystal
and polycrystalline VO2 for the purposes of a laser-heating
prediction. Furthermore, our detailed knowledge of the optical
penetration depth and the reflectivity of the pump pulse
permits us to make an accurate laser-heating estimate for our
film and determine the incident fluence needed to deposit a
specific energy density at a given film depth. Consequently, the
minimum incident fluence thresholds to thermally induce the
metallic state by laser heating can be calculated by assuming
that all of the absorbed pump-pulse energy goes into heating
the film. The long-dashed line in Fig. 5(a) corresponds to
the incident fluence required to heat the front surface of the
VO2 film to 330 K, the minimum requirement for the possible
occurrence of any heated phase change. The short-dashed
line in Fig. 5(a) shows the lowest incident fluence that could
drive a full thermal phase transition across the entire thickness
of the VO2 film, where the incident pump fluence must be
sufficient to raise the average temperature of the whole film to
350 K and overcome the latent heat associated with the heated
phase transition to the metallic state. Finally, the dotted line
in Fig. 5(a) indicates the incident fluence threshold to heat the
back surface of the film to 350 K and supply the latent heat, a
more likely estimate for the fluence required to drive the phase
transition throughout the whole film via heating.

Near room temperature the laser-heating predictions are
close to the measured metallic onset [black triangles and
orange squares in Fig. 5(a)] and full transition [filled navy
blue diamonds and hollow brown diamonds in Fig. 5(a)] data,
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as has been noted in previous studies.19,20 However, our
wide temperature range reveals a drastic divergence of the
observed thresholds from thermal predictions at low tem-
peratures, where the long-lived metallic conductivity can be
photoinduced by fluences well below what would be necessary
to drive the phase transition thermally.51 Consequently, we rule
out laser-induced heating as a mechanism for the observed
onsets in THz conductivity dynamics and conclude that the
ultrafast photoinduced insulator-metal transition is indeed a
nonthermal process.

3. Nonthermal critical-threshold model

We propose a nonthermal model based on critical densities
of both 6 THz transition phonons and electronic excitations
to explain the phase diagram and successfully describe all
observed features using only one free parameter. Phonons with
frequencies close to 6 THz are believed to be crucial for the
structural relaxation of the VO2 lattice at the insulator-metal
transition.18,20,21 In our model, a critical density of these
phonon excitations acts as a “structural trigger” for transform-
ing the monoclinic lattice into the rutile structure associated
with the high-temperature metallic state. Once the structural
trigger has been achieved, excess energy can contribute di-
rectly to the latent heat and drive the phase transition to the fully
metallic state via “transition-phonon-triggered” nucleation.
Transition-phonon-triggered nucleation generates expanding,
fully metallic nanodomains on a 100 picosecond time scale, as
confirmed by THz spectroscopy (Sec. III.C), and is reminiscent
of the percolative domain formation directly imaged in the
heated transition.52,53 However, metallic domain nucleation
can be sped up to subpicosecond (<0.5 ps) time scales if,
in addition to the structural trigger, a critical electron density
exactly equal to the metallic electron density is also photoex-
cited by the pump pulse. This ultrafast route to domain for-
mation is referred to here as “photoexcited-electron-assisted”
nucleation. In both processes, transition phonons provide a
means to undo the low-temperature structural distortion of the
correlated insulating phase, and the critical transition phonon
density appears to represent a threshold above which the
Peierls state can be destroyed. The critical electron density, on
the other hand, may be due to a density-driven Mott transition,
where a depleted number of carriers allows for transport that
circumvents strong on-site repulsion. Therefore, our nonther-
mal critical-threshold model builds on recent theoretical7 and
experimental54 results consistent with a description of the
phase change as a cooperative Mott-Peierls transition.

We evaluated the incident pump fluence required to excite
an electron density at the front surface of the film equal
to the steady-state metallic density measured in the heated
film ((5.2 ± 0.4) × 1020 electrons/cm3)32 assuming each
absorbed pump photon yields one electron. The resulting
critical electron density prediction [line 1 in Fig. 5(a)] lies
within the error bars of all the metallic onset fluence threshold
data points below 180 K and agrees well with the average
low-temperature experimental threshold fluence of 5.3 ± 0.2
mJ/cm2. Therefore, the ultrafast, subpicosecond appearance
of the long-lived, metallic conductivity at low temperatures
seems to correspond to the achievement of a critical electron
density exactly equal to the metallic state electron density.

The critical 6 THz transition phonon density that acts
as a trigger for the structural relaxation of the lattice and
thereby permits nucleation of the rutile metallic phase can
be determined from the insulator-metal transition temperature
of the VO2 film. At 350 K, where the phase change is complete,
the base temperature is sufficient to have thermally generated
the critical 6 THz phonon density throughout the film as
a precursor to the transition. The oscillator occupancy of
the phonon mode can be determined using Bose statistics,
〈n(T )〉 = 1/(exp(hνk/kBT ) − 1), where νk is 6 THz, h is
Planck’s constant, kB is Boltzmann’s constant, and T is the
lattice temperature. At 350 K, there are 0.783 transition
phonons per oscillator, which defines the critical transition
phonon occupancy that triggers the structural transition. Since
6 THz phonons are preferentially excited upon absorption
of a near-IR pump photon,18,20 the occupancy of the 6 THz
mode can be raised to the occupancy value at 350 K while all
other modes remain at the lattice temperature. Once the critical
transition phonon density is achieved, additional energy can
contribute to the latent heat and induce nucleation of metallic
nanodomains. The presence of a minimum metallic nucleation
size would act to shift the metallic onset to a finite fluence
offset above the structural-trigger requirement, resulting in
a nonzero fluence intercept at the transition temperature, as
has been seen previously.19,20 As expected, the metallic-onset
fluence threshold of our data (<1.1 mJ/cm2 at the 350 K full
transition temperature) is much smaller than the latent heat
required for the whole front surface (5.7 mJ/cm2) because the
entire surface of the film need not be switched to observe
a modulated THz signal. The transition-phonon-triggered
nucleation of nanodomains containing the fully metallic phase
acts on a characteristic time scale of 100–200 ps, possibly
corresponding to the lifetime of the 6 THz phonons.22,23

Furthermore, once initiated, the metallic nanodomains can
expand outwards because the surrounding insulating regions
contain the necessary structural trigger in the form of the
critical density of 6 THz phonons. Nanodomain creation and
expansion are the sources of the slow-rise THz conductivity
dynamics. Finally, the initial appearance of the long-lived,
metallic THz conductivity above 180 K is due to transition-
phonon-triggered nucleation.

Using the absolute critical phonon density
(〈n(350 K)〉 = 0.783) and oscillator-occupancy temperature
dependence, the 6 THz phonon deficit to be overcome by
selective photoexcitation can be calculated and used to
simultaneously fit the experimental fluence threshold for the
long-lived conductivity above 180 K and the slow-rise onset
at all temperatures, F (T ) = Fo(0.783 − 〈n(T )〉), [line 2 in
Fig. 5(a)]. The single free parameter used for the fit is the
incident fluence scaling factor, Fo. Converting Fo into an
equivalent absorbed energy density at the front surface of the
film reveals that the absorbed pump-photon density required
to excite one 6 THz phonon per oscillator at 0 K is 10.4 ×
1020 photons/cm3, exactly double the electron density in the
fully metallic phase. While it is tempting to pursue the source
of this relationship, we are hesitant to ascribe an interpretation
without knowing the physical extent of an oscillator.

Interestingly, region B of the phase diagram in Fig. 5(a)
is filled with fluence-temperature points that satisfy a
special critical-threshold criterion observable only at low
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FIG. 5. (Color online) (a) Phase diagram of the ultrafast photoinduced insulator-metal transition of VO2. Regions A, B, C, and D are
defined by their characteristic THz dynamics. Orange squares and black triangles indicate the thresholds for the appearance of the metallic
state 5 ps and 25 ps after photoexcitation, respectively. Blue circles indicate thresholds for the onset of slow-rise dynamics. Filled navy blue
diamonds denote the achievement of the fully metallic THz pulse modulation (−�T /T � 33.5%) 5 ps following photoexcitation, while hollow
brown diamonds indicate the fully metallic state is formed at 25 ps. Line 1 corresponds to the incident pump fluence needed to excite the
metallic electron density at the front surface of the film (see text), while line 2 is the incident fluence required to raise the front surface 6 THz
phonon population to the critical density. Line 3 indicates the incident fluence required to excite the critical 6 THz phonon density and supply
the latent heat for the structural transition at the back surface of the film. Line 4 denotes the incident fluence required to directly photoexcite
the critical electron density at the back surface of the film. As a result, region A represents the insulating state, region B represents the
ultrafast photoinduced formation of the intermediate metallic state (Mott melting), region C represents the photoinduced nucleation and growth
of the metallic state, and region D represents the ultrafast (<0.5 ps) photoinduced nucleation of the full metallic state throughout the film.
The steady-state insulator-metal transition region is denoted by the hatched pattern. The incident fluences required to heat the front surface of the
sample to 330 K (the start of the thermal transition), to raise the average temperature of the film to 350 K (including latent heat), and to raise the
back surface temperature to 350 K (including latent heat) are indicated by the long-dashed line, short-dashed line, and dotted line, respectively.
(b) Examples of THz conductivity dynamics taken along vertical cuts through the phase diagram at 80 K and 225 K.

temperatures. In region B the incident fluence is sufficient
to excite the critical electron density at the front surface of
the film but insufficient to generate the critical density of
6 THz transition phonons required to trigger the structural
transition. The appearance of a metallic conductivity without
lattice relaxation is evidence for an intermediate, monoclinic
metallic state with a defeated Mott mechanism but an intact
Peierls distortion [region B in Fig. 5(a)]. A monoclinic lattice
in the absence of on-site repulsion has been shown to behave
as a metal,7 and the formation of a metallic band structure
prior to the full structural transition has been suggested as an
intermediate step in the ultrafast phase transition.55–57 The
observed THz conductivity dynamics in region B provide
further support for the existence of an intermediate metallic
state. Since the insulating lattice surrounding the nucleated,
intermediate metallic state does not contain the structural
trigger, any domains formed cannot expand, nor can fully
metallic domains be created by transition-phonon-triggered
nucleation. Consequently, no slow-rise component in the
transient THz conductivity is observed in region B. Therefore,
within the framework of our dual threshold model, the unique
flat but long-lived THz conductivity transient observed at low
temperatures is indicative of a new intermediate metallic state.

We acknowledge that an unusual insulating lattice structure has
been seen in VO2 nanostructures at low temperatures that could
conceivably be responsible for the distinct THz dynamics, but
we do not anticipate that our sample will exhibit such effects
based on the sample nanograin sizes.38

The onset thresholds of the phase diagram can be sum-
marized as follows. If only the critical electron density is
present, the intermediate metallic state, which has the same
electron density as the fully metallic phase but not the rutile
lattice structure, will be nucleated on subpicosecond time
scales. The measured THz conductivity response exhibits an
ultrafast, subpicosecond (<0.5 ps) rise to a flat, long-lived
transient, as is observed for fluence-temperature points in
Fig. 5(a) between lines 1 and 2 below 180 K (within region
B). If only the critical 6 THz transition phonon density is
present, nanodomains containing the fully metallic phase will
be created by transition-phonon-triggered nucleation on a
100 ps time scale. These nanodomains can also expand. The
THz conductivity will display a slow rise over 100 ps with no
initial subpicosecond step (though the signal at early times may
be convoluted with a semiconducting peak that decays away
within picoseconds), as is observed for points between lines 1
and 2 above 180 K in Fig. 5(a). Finally, if both critical densities
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are present, the phase transition to the fully metallic state will
occur via both transition-phonon-triggered nucleation over
the 100 ps time scale and via photoexcited-electron-assisted
nucleation in less than a picosecond. In other words, the rate
of the monoclinic-rutile lattice change triggered by the critical
density of transition phonons is limited in the absence of the
critical electron density. However, direct photoexcitation of
the critical electron density in addition to the structural trigger
appears to significantly enhance the speed of the monoclinic-
rutile lattice transition. The THz response when both critical
densities are present is characterized by an ultrafast step fol-
lowed by a slow rise to even larger conductivities over 100 ps.
This behavior is observed for points on the phase diagram in
Fig. 5(a) above line 1 (in region C) for temperatures larger
than 180 K and above line 2 (in region C) for temperatures
less than 180 K.

Where the experimental onsets for characteristic THz
dynamics reveal information about the initial formation of
the metallic state, the full THz pulse-peak modulation data
provides insight into the requirements for the complete phase
change in the film. To observe the 33.5% THz peak reduction
measured in the high-temperature, fully metallic state, the
entire film must be driven across the phase transition. Inducing
the insulator-metal change of a complete layer, specifically
the back surface of the film, rather than just nucleating
metallic nanodomains, necessitates the latent heat be provided
in addition to the structural trigger. Furthermore, to ensure
the full film undergoes the phase transition on the ultrafast,
subpicosecond time scale, the critical electron density must be
directly photoexcited at the back surface. Since the absorbed
pump energy is deposited by photoexciting dimer electrons,
this condition will be satisfied as long as the incident pump
fluence exceeds 7.4 mJ/cm2. This threshold is denoted by line
4 in Fig. 5(a) and corresponds to an absorbed photon density
at the back surface of the film equal to the critical electron
density. The optical pump fluence required to raise the 6 THz
phonon occupancy to the critical transition phonon density at
the back surface of the film is similarly found by converting
the fluence scaling factor for the front surface, Fo, into a back
surface scaling factor, F1, using the optical reflectivity and
penetration depth (and considering the reflection from the
VO2-sapphire interface), as discussed in Sec. II. Otherwise,
the formula describing the incident fluence required to produce
the critical transition phonon density at the back surface
of the film is identical to the relation used to obtain line 2
in Fig. 5(a). Finally, the latent heat that drives the monoclinic-
rutile lattice change must be added to the structural-trigger
excitation energy for a full-film transition. Though the details
are not entirely clear, the latent heat for the photoinduced
transition appears to be the latent heat for the heated transition
(141 J/cm3) minus the energy needed to excite the critical
electron density across the 0.7 eV bandgap (58 J/cm3). The
resulting energy density (83 J/cm3) might be interpreted as the
structural component of the latent heat. An incident fluence
of 4.75 mJ/cm2 is needed to deposit 83 J/cm3 at the back
surface of the film, so the total incident fluence required to
drive the ultrafast, subpicosecond transition of the entire film to
the fully metallic state is 4.75 mJ/cm2 + F1(0.783 − 〈n(T )〉).
The resulting prediction [line 3 in Fig. 5(a)] agrees well with
the measured fluences (below 298 K) needed to achieve the

THz pulse-peak modulation characteristic of the fully metallic
state.

As expected, the fluence needed to nucleate the fully metal-
lic state throughout the film within a subpicosecond time scale,
which is experimentally defined by a THz modulation of 33.5%
5 ps following photoexcitation [filled navy blue diamonds in
Fig. 5(a)], saturates where line 3 meets line 4 in Fig. 5(a). Since
the slow-rise component contributes negligibly to the THz
conductivity within the first 5 ps, the entire insulator-metal
phase change must occur in the initial fast-step component
via photoexcited-electron-assisted nucleation, which is only
possible if the critical electron density is directly photoexcited.
Conversely, observations of the 33.5% THz modulation
25 ps following photoexcitation [hollow brown diamonds in
Fig. 5(a)] continue to follow line 3 because transition-phonon-
triggered nucleation contributes significantly to the THz
conductivity. It is perhaps surprising that, based on the 350 K
fluence intercept of line 3 in Fig. 5(a), the structural component
of the latent heat seems to be the only part necessary for
the photoinduced phase transition. It is possible that the
latent heat of our film is somehow reduced by the nanogran-
ular film morphology to 83 J/cm3, though we note that
the value of the latent heat can neither account for the
divergence of thermal predictions, nor affect the physical
picture outlined in the critical-threshold model.

C. Time-resolved terahertz spectroscopy of metallic
domain growth

To explore the slow-rise THz dynamics and confirm our
interpretation of the phase diagram data, we extracted the
complex THz conductivity of the photoinduced signal as a
function of pump-probe time delay. We mapped the time
dependence of the conductivity for multiple pump fluences
at room temperature. Examples of the THz conductivity
observed at pump-probe delay times of 5 ps, 20 ps, and
200 ps are displayed in Fig. 6(a). As expected, the conductivity
signature of the photoexcited film is similar to that observed
in steady-state THz experiments for the film heated into the
metallic state.32 A real conductivity (σ 1) that increases with
frequency coupled with a negative imaginary conductivity
(σ 2) in the THz regime is characteristic of mesoscopically
localized charge carriers in materials.32,43–47 The localization-
suppressed THz conductivity of our nanogranular film heated
into the metallic state was well-described by the Drude-Smith
model, a modified Drude model which includes a correction
to account for localization due to structural confinement, as
is discussed extensively elsewhere.32,42–44 The Drude-Smith
conductivity formula is given by

σ̃ (ω) = ne2τDS

m∗

(
1

1 − iωτDS

)(
1 + c

1 − iωτDS

)
, (1)

where, in addition to the conventional Drude parameters n, the
macroscopic electron density, and m∗, the carrier effective
mass, the Drude-Smith formula contains two parameters
associated with carrier localization: τDS is a modified scat-
tering time that includes effects from both intrinsic-impurity
scattering and boundary scattering, while the c-parameter is
determined by a combination of the barrier reflectivity and the
ratio between the nanodomain diameter and the carrier mean
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FIG. 6. (Color online) Time-resolved terahertz spectroscopy of
metallic nanodomain formation and expansion. (a) Examples of the
real (squares) and imaginary (circles) photoinduced THz conductivity
at 295 K for an incident fluence of 5.9 mJ/cm2 at various pump-probe
delay times. Solid line are fits to the Drude-Smith model. (b) Pump-
probe delay time dependence of the effective metallic nanodomain
size, d , and (c) macroscopic electron density, n, extracted from the
Drude-Smith fits at various pump fluences at 295 K. The average
nanograin size in the film (94 nm) is denoted by a horizontal dashed
line in (b) and the vertical dashed line marks a pump-probe delay time
of 20 ps. Since the electron density is an average value for the film, a
density less than the full metallic density [solid horizontal line in (c)]
indicates that only a fraction of the film has undergone the transition
to the metallic state.

free path. For full localization and a zero dc conductivity,
c = −1, while for c = 0 Drude behavior is recovered.
For our VO2 sample, it was shown in Ref. 32 that τDS

and c could effectively be re-parameterized in terms of the
Fermi velocity vF , the metallic nanodomain diameter d, and
bulk scattering time τ , such that τDS = dτ/(d + vF τ ) and
c = −1/(1 + d/20vF τ ).32,43,44

Analysis of the heated transition further revealed the
identity of the Fermi velocity (4.3 × 105 m/s) and the bulk
scattering time (an approximately constant value of 22 fs
throughout the heated transition) for our VO2 film.32 As a
result, the re-parameterization reduces the number of free
Drude-Smith fitting parameters to just n and d since the
effective mass is assumed to be a constant m∗ = 2me, as
was done in Ref. 33. Since d is the effective domain size of a
metallic region with 100% carrier reflecting boundaries, if the
insulator-metal boundaries in the photoinduced metallic do-
mains do not perfectly repel the incident conduction electrons
(as do the nanogranular boundaries, to a good approximation),
then d will be an underestimate of the diameter. However,
the maximum metallic domain size in the fully metallic film
is limited by the nanograin dimensions that have an average
diameter of 94 nm.

The re-parameterized Drude-Smith model provides good
fits to the THz conductivity at all pump fluences and
pump-probe time delays (TRTS was also performed at other
temperatures and the Drude-Smith model was consistently
accurate). Examples of Drude-Smith fits to the measured THz
conductivities are shown in Fig. 6(a). At room temperature, the
complex THz conductivity was resolved at multiple positions
along the slow-rise curve, and the domain size d and average
electron density n were extracted for each spectrum, as plotted
in Fig. 6(b) and Fig. 6(c), respectively.

The time dependence of the average electron density of
the VO2 film shows the two possible nucleation processes
within region C of the phase diagram [Fig. 5(a)]. Photoexcited-
electron-assisted nucleation is likely responsible for the initial
nonzero electron densities and finite metallic domain sizes at
early times, as it produces the metallic state on subpicosecond
time scales (<0.5 ps). Transition-phonon-triggered nucleation,
on the other hand, is responsible for the 100–200 ps time scale
observed in the slow-rise THz dynamics. A similar nucleation
time scale has been seen in Peierls distorted antimony.58 A
possible explanation for the 100-ps time scale in VO2 is
found in studies probing the photoinduced transition using
ultrafast x-rays, wherein photoinduced lattice vibrations were
shown to persist for 100 ps.22,23 Thus, within our critical-
threshold model, the 100-ps duration of the slow-rise THz
dynamics can be interpreted as the lifetime of the photoex-
cited 6 THz phonons before thermalization occurs. After
100 ps, the transition phonons thermalize, their population
decreases below the critical density, and further nucleation
of metallic nanodomains cannot occur. Additionally, at high
pump fluences, n quickly saturates at the identical electron
density measured for the high temperature film [solid line in
Fig. 6(c)] when the entire film is turned metallic, supporting
the assumption that the metallic states formed by steady-state
heating and photoinduced by intense optical pumping are
indeed the same.

The magnitude and dynamics of the average nucleated
metallic domain size reveal insight into the formation and
growth of the photoinduced metallic state in region C of the
phase diagram. While the most likely direction for domain
expansion is into the film, the initiation of the metallic state at
small nucleation sites means that the expansion occurs in three
dimensions and therefore displays a decrease in the effective
carrier confinement, as detected in the THz conductivity
spectra. The metallic domains created by fluences in region
C are smaller than the average nanograin diameter, 94 nm,
indicating enhanced localization and dimensions that do not
encompass an entire nanograin. The average metallic domain
size exhibits growth in the first 20 ps following excitation,
as illustrated in Fig. 1(d), then a saturation and decay. While
Bruggeman effective medium theory was shown in Ref. 32 to
be inappropriate for our nanogranular sample, it has been used
to successfully model a similar metallic domain expansion in
VO2.19 The high fluence data does not display the same domain
expansion since it lies well within region D, where the entire
film is driven into the fully metallic state on subpicosecond
time scales. A possible explanation for effective domain sizes
that exceed the average nanograin diameter at early times
is that the excess energy provided to carriers is sufficient
to increase their probability of penetrating the nanograin
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boundaries. Over time, the boundary reflectivity increases
and the effective domain size decays to the 94-nm average
nanograin diameter. The short-lived relaxation of carrier
confinement explains why a THz pulse-peak modulation in
excess of 33.5% can occur for high pump fluences. However,
the electron density extracted from the Drude-Smith fits is
never found to be higher than the metallic electron density
measured in the high temperature, fully metallic phase of the
film, as shown in Fig. 6(c).

Interestingly, the 20-ps time scale for the growth of the
metallic nanodomains appears to correspond to the ballistic
spread of 6 THz phonons. An estimate for the time scale of the
metallic domain expansion can be made based on the speed
of 6 THz phonon propagation through the lattice. The speed
of sound in VO2 is 6.9 nm/ps,59 so the time for a phonon
to travel ballistically from the front to the back of the film is
18.8 ps, which is very close to the 20 ps rise time observed in
the THz dynamics, as shown in Fig. 4(e) and Fig. 6(b). The
relation of the speed of sound to the slow rise time scale in
VO2 has been similarly identified elsewhere,35 as has the sig-
nificance of a shockwave for the propagation of the structural
transition.60

IV. CONCLUSIONS

In conclusion, we have used time-resolved THz spec-
troscopy to create a phase diagram for the ultrafast photoin-
duced insulator-metal phase transition in vanadium dioxide.
The phase diagram reveals that the ultrafast photoinduced

phase transition is a nonthermal process that requires both
a critical density of electronic excitations to melt the Mott
state and a critical density of phonon excitations to provide a
structural trigger to quench the Peierls state. The structural
trigger is defined in terms of a critical density of 6 THz
transition phonons that connect the insulating and metallic
lattices. Since both the transition phonons and electronic
excitations are necessary to drive the ultrafast phase change
throughout the film, the full ultrafast insulator-metal transition
in vanadium dioxide cannot be viewed as simply either a
Mott or Peierls type. However, evidence for an intermediate
metallic state is found at low temperatures wherein the Mott
state is melted by the achievement of a critical density
of electronic excitations, but the Peierls distortion remains
intact because of an insufficient density of transition phonons,
providing valuable insight into the nature of the insulator-metal
phase transition in vanadium dioxide. Expansion of nucleated
metallic nanodomains over picosecond time scales is also
observed.
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