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Abstract

Ultrafast optical pump - optical probe and optical pump - terahertz probe spectroscopy were

performed on vanadium dioxide (VO2) and vanadium sesquioxide (V2O3) thin films over a wide

temperature range. A comparison of the experimental data from these two different techniques and

two different vanadium oxides, in particular a comparison of the spectral weight oscillations gen-

erated by the photoinduced longitudinal acoustic modulation, reveals the strong electron-phonon

coupling that exists in both materials. The low energy Drude response of V2O3 appears more

amenable than VO2 to ultrafast strain control. Additionally, our results provide a measurement

of the temperature dependence of the sound velocity in both systems, revealing a four- to fivefold

increase in VO2 and a three- to fivefold increase in V2O3 across the insulator-to-metal phase tran-

sition. Our data also confirm observations of strong damping and phonon anharmonicity in the

metallic phase of VO2, and suggest that a similar phenomenon might be at play in the metallic

phase of V2O3. More generally, our simple table-top approach provides relevant and detailed infor-

mation about dynamical lattice properties of vanadium oxides, paving the way to similar studies

in other complex materials.
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I. INTRODUCTION

Vanadium oxides are well known examples of materials where the phases are determined

by strong interactions between different degrees of freedom. Such complex systems, where

charge, lattice, orbital, and spin contributions can be equally strong and are frequently cou-

pled, exhibit a variety of phenomena including high temperature superconductivity1, colossal

magnetoresistance2, multiferroicity3, and topological surface states4. Given the complex na-

ture of these materials, the various phases are generally challenging to investigate experimen-

tally. Ultrafast time-resolved techniques are a successful route to approach this problem5,6.

In particular, time-resolved measurements in different energy ranges have contributed to

the understanding of insulator-to-metal transitions (IMTs) in vanadium dioxide (VO2) and

vanadium sesquioxide (V2O3) as a function of temperature, pressure and doping7–15. These

measurements have also shed light onto the nature of the different insulating phases in both

systems8,16–18, and onto the electron-phonon coupling driven acoustic response in V2O3
8,9.

Despite many ultrafast and static measurements, the exact mechanisms responsible for

the IMTs in vanadium oxides and especially in VO2 remain widely debated19–27, namely

the contribution of electronic correlations (Mott-Hubbard picture) and of electron-lattice

mediated effects (Peierls model)17,23,28–30. It is clear, however, that multiple pathways are

possible to initiate pressure and temperature dependent transitions, and that electronic and

lattice effects are strongly coupled17,28,31,32. Measurements that dynamically investigate this

coupling are therefore essential to assist in understanding the nature of IMTs, which serves

as the primary motivation for the present work.

Bulk VO2 undergoes an IMT at 340 K, along with a monoclinic-to-rutile structural

transition19,33 (cf. phase diagram in Fig. S1a34). In the low temperature phase, the vana-

dium ions dimerize and tilt to form a nonmagnetic insulator23. Above-bandgap photoex-

citation of the monoclinic insulator can promote electrons to anti-bonding states, causing

repulsion between the dimerized vanadium ions and lattice expansion, followed by long-

range shear rearrangements at the speed of sound18,22. Above a critical fluence threshold the

metallic phase forms via nucleation and growth17,30,35,36. The acoustic and optical phonon

landscape changes drastically across the IMT, and phonons have recently been seen to ac-

count for 2/3 of the entropy increase at the IMT and to stabilize the metallic phase26,28.

These observations suggest that lattice effects play a significant role in driving the IMT in

3



VO2. Our experiments access the coupling between lattice and electronic properties, high-

lighting the important role played by the structure in determining the dynamic electronic

response of VO2.

V2O3 is a low temperature monoclinic antiferromagnetic insulator which transitions to a

paramagnetic rhombohedral metal above 155 K19,37 (cf. phase diagram in Fig. S1b34). Initial

reports stated that the system exhibits a classical Mott-Hubbard transition where electrons

localize to form the insulating phase20,21. However, more recent work points to electron-

lattice effects contributing strongly to the first order IMT in the undoped compound24, and

questions the equivalence of temperature and pressure routes in driving the phase transition

in doped V2O3
10. The strong strain-dependence of metallic V2O3 manifests via the large

influence of ultrafast acoustic modulations on the spectral weight redistribution dynamics,

particularly in the far infrared region of the spectra corresponding to the low energy Drude

weight9. As with VO2, our experimental results on V2O3 enhance the understanding of the

role of the lattice in determining the electronic properties and dynamics, and further, they

enable a direct comparison between the two materials.

We therefore present a comparative ultrafast pump-probe study of photoinduced acoustic

effects in VO2 and V2O3, seen in both optical reflectivity and terahertz (THz) conductivity

dynamics. Transient reflectivity measurements at 1.55 eV are sensitive to interband transi-

tions in VO2 and V2O3, with insulating gaps of 0.6 eV and 0.5 eV, respectively23, while THz

probes the quasiparticle dynamics, effectively yielding a dynamical measurement of the dc

conductivity.

Our main conclusions are that (i) both VO2 and V2O3 exhibit significant electron-phonon

coupling, with V2O3 being significantly more amenable than VO2 to Drude weight modu-

lation; (ii) the acoustic signatures we observe appear to be quite robust against variations

in crystallinity in the different thin film samples under study; (iii) sound velocity increases

by over a factor of three across the insulator-to-metal transition for both VO2 and V2O3

thin films; and (iv) acoustic damping increases in both metallic phases, suggesting phonon

entropy as a significant stabilization mechanism in both VO2 and V2O3.

First, our results show that similar to V2O3
8,9, VO2 exhibits a modulation of the electronic

response due to photoinduced acoustic effects, albeit to a lesser degree. This influence of

small structural variations on the electronic behavior attests to significant electron-phonon

coupling. In this case electron-phonon coupling refers to the rate at which energy is trans-
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ferred between electrons and phonon modes of the lattice as used in the two-temperature

model34,38, rather than to a strictly microscopic parameter. Second, thin film samples with

varying crystallinity exhibit different static and dynamic electronic responses. Variations in

morphology and crystallinity are widely reported for thin films samples of vanadium oxides,

due to e.g. strain, mismatch with the substrate and growth conditions. They translate

into a significant density of defects in the system, mostly structural in nature but poten-

tially including oxygen vacancies as well, which have a strong and distinct influence on the

electronic response.32,36,39 Thin films with fewer defects have properties closer to bulk and

are therefore characterized by a larger THz conductivity in the metallic state and by larger

photoinduced conductivity variations. Variations in the static metallic phase conductiv-

ity enable us to indirectly compare defect densities in the different thin films under study,

since a direct quantification of defects is extremely challenging to obtain. In contrast to the

changes in the static electronic behavior, the dynamic acoustic signatures we observe appear

to be quite robust against varying defect density in the thin films. Third, our data provide

a temperature dependent measure of the sound velocity in both VO2 and V2O3 thin films,

revealing an increase in the sound velocity across the insulator-to-metal transition, four- to

fivefold for VO2 and three- to fivefold for V2O3, i.e. significantly larger (>2x) than reported

previously in bulk single crystals26,40. Finally, we verify that acoustic damping increases in

the metallic phase of VO2, compared to the insulating phase, in agreement with previous

reports that present phonon entropy as a stabilization mechanism for the metallic phase28.

V2O3 exhibits a similarly increased damping in the metallic phase, hinting that phonon

anharmonicity might also be much stronger than in the insulating phase, and that phonon

effects might play a significant role in the IMT of this material as well.

II. EXPERIMENTAL METHODS

Transient optical reflectivity measurements were performed using 35 fs pulses at 800

nm (1.55 eV) from a 1 KHz repetition rate, 3 W average power Ti:sapphire regenerative

amplifier. Pump and probe fluences were set at 1-4 mJ/cm2 and < 10 µJ/cm2, respectively.

THz pulses 1 ps in duration were generated via optical rectification and detected by electro-

optic sampling in ZnTe. In contrast to the optical measurements at 1.55 eV, the THz

pulses (0.1 - 2.5 THz) effectively probe the low energy Drude response23, which is flat and
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devoid of any spectral features in the chosen frequency range. Transient optical reflectivity

measurements at 800 nm, yielding ∆R/R, and THz conductivity measurements5, yielding

∆σ, were performed in parallel, with the same pump conditions. In both cases pump and

probe beams were set at approximately normal incidence to the sample, with a pump focal

spot size about ten times larger than that of the probe. The penetration depth of the 1.55

eV pulse is on the order of the sample thickness for the VO2 and V2O3 thin film samples

used in this work (cf. Table SIII in the Supplemental Material34). Inhomogeneity in the

excited volume is therefore not significant enough to affect the observed dynamics, meaning

that both 800 nm and THz probe beams sample similarly excited regions.

Of particular relevance to this work is the ability to generate coherent acoustic phonons

using ultrafast optical excitation. The ultrafast above bandgap optical pulse is absorbed near

the surface causing a localized temperature increase. Thermal expansion leads to a transient

stress which launches a strain wave in the material. The propagating acoustic phonon

modifies the frequency dependent refractive index and can therefore be detected optically

via modulation of ∆R/R at 800 nm, and of ∆σ around 1 THz. When the film thickness is

on the order of the longitudinal acoustic phonon wavelength an acoustic standing wave is

generated and detected instead41. Analytic42,43 and conceptual41 aspects of the generation

and detection of coherent acoustic modulations can be found in the literature41–43.

Our samples consist of 75 nm and 50 nm thick films of VO2 on c-cut Al2O3
44, 75 nm thick

films of V2O3 on c-cut Al2O3
45, and 95 nm thick films of V2O3 on r-cut Al2O3

32. The VO2

films have a well defined out of plane rutile c-axis, and three preferred in-plane orientations

due to the hexagonal symmetry of the c-cut Al2O3 substrate46. The 75 nm V2O3 film has a

well-defined rhombohedral out of plane [110] axis but is polycrystalline in plane, while the

95 nm film is nearly single crystalline throughout. No signatures of other vanadium oxides

phases were detected in either of the samples beyond the nominal VO2 or V2O3. All films

are epitaxial, and details of the fabrication can be found elsewhere32,44,45. Unless otherwise

specified, the results presented in this paper correspond to the 75 nm films.

The sample temperature was set using a continuous flow cryostat, pumped down to 10−6

mbar and equipped with a heating stage.
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III. RESULTS

A. Temperature dependent THz conductivity
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FIG. 1. Temperature dependence of the static far-infrared conductivity for the 75 nm thick (a)

VO2 and (b) V2O3 thin films. Open black (solid red) symbols indicate increasing (decreasing) tem-

perature. Both samples display hysteresis, characteristic of first order phase transitions happening

at 360 K in VO2 and at 160 K in V2O3. The fully metallic region is shaded gray.

Figure 1 shows the static THz conductivity of the 75 nm VO2 and V2O3 films measured

using THz spectroscopy. Fig. 1a shows that the IMT in the VO2 film occurs at TIMT = 360

K, and that a maximum conductivity of 4800 (Ωcm)−1 is obtained at 380 K. V2O3 is seen

from Fig. 1b to have TIMT = 160 K, with a peak conductivity of 900 (Ωcm)−1 at 200

K. These measurements demonstrate that our VO2 and V2O3 films behave similarly to

bulk single crystals, which attests to the generality of our conclusions. Above 200 K the

V2O3 metallic state conductivity decreases dramatically (Fig. S134), beyond what would be

expected from an increased electron-phonon scattering rate, due to the strongly correlated

nature of this “bad” metal region23,47. The relative conductivity decrease in the VO2 metallic
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state above 380 K is smaller compared to V2O3, with a 6% conductivity drop per 50 K for

VO2 and an 11 % conductivity drop per 50 K for V2O3. This is consistent with suggestions

that electronic correlations have a smaller impact on the metallic phase of VO2 compared

to metallic V2O3
48,49, which enters a crossover region to a pure Mott insulator phase above

450 K (Fig. S134). Corresponding temperature-dependent static conductivity data for the

95 nm V2O3 film are shown in Fig. S234.

B. Conductivity and reflectivity dynamics in VO2

Figures 2a, 3a and 3b show the transient conductivity (∆σ) and transient reflectivity at

800 nm (∆R/R) of VO2 at low (Fig. 2a) and high (Figs. 3a and 3b) initial temperatures

for a pump fluence of 3.8 mJ/cm2. From the conductivity dynamics at T < TIMT , shown in

Fig. 2a, it is clear that the maximum value achieved for the transient conductivity ∆σ(t)

increases with initial temperature. Also, for T = 77 K, ∆σ(t) recovers in less than 10 ps,

whereas for T > 160 K the deposited energy is sufficient to thermally stabilize the metallic

phase beyond our 350 ps measurement window34. As previously observed, the tens of ps

timescale for the conductivity increase is considerably larger than the <1 ps electron-phonon

thermalization time (Fig. S734) due to the nucleation and growth process that accompanies

the IMT35,50.

For T > TIMT the metallic phase dominates the transient photothermal response of VO2.

∆σ, shown in Fig. 3a, decreases following photoexcitation in agreement with Fig. 1a, and

so does ∆R/R (Fig. 3b). Most significantly, the high temperature dynamics of both ∆σ and

∆R/R exhibit oscillatory components (clearly isolated below, in Figs. 4a and 5b) which are

direct signatures of acoustic wave propagation, similar to those reported in V2O3
8,9. Budai et

al.28 have observed that strongly anharmonic phonons rather than electronic effects stabilize

the metallic phase of VO2. The results shown here confirm the strength of electron-phonon

coupling in metallic VO2 since acoustic signatures are seen not only in ∆R/R, as expected,

but also in ∆σ, a clear indication that lattice dynamics modulate the Drude response of the

system above TIMT .
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FIG. 2. Transient ∆σ of (a) 75 nm thick VO2, (b) 75nm thick V2O3, and (c) 75 nm and 95 nm thick

V2O3 for temperatures below TIMT at a pump fluence of (a) 3.8 mJ/cm2, (b) 1 mJ/cm2 and (c)

3 mJ/cm2. Starting in the insulating phase, the THz response consists in a transient conductivity

increase which corresponds to the IMT. (c) compares the normalized ∆σ(t) for the 95 nm and 75

nm V2O3 films at 100 K, revealing a significant difference in IMT dynamics at short time delays

which arises from different defect densities in the films.

C. Conductivity and reflectivity dynamics in V2O3

As a counterpart to the data on VO2, Figs. 2b, 3c and 3d show ∆σ and ∆R/R for V2O3

at temperatures below (Fig. 2b) and above (Figs. 3c and 3d) TIMT for a pump fluence of
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FIG. 3. Transient ∆σ (a, c) and ∆R/R (b, d) of 75 nm thick VO2 (a, b) and V2O3 (c, d) for

temperatures above TIMT at a pump fluence of 3.8 mJ/cm2 (a, b) and 1 mJ/cm2 (c, d). Shown are

the metallic reflectivity responses, dominated by acoustic signatures, and the metallic conductivity

responses, also with clear acoustic signatures.

1 mJ/cm2. V2O3 also exhibits a tens of ps ∆σ increase characteristic of a percolative IMT
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(Fig. 2b). The decrease in ∆σ with increasing initial temperature stems solely from the

fact that temperatures closer to TIMT are used compared to VO2, so that the initial state

already has a finite conductivity (Fig. 1) and the ∆σ response saturates as the full metallic

state is reached. Photoexcitation of the system in the metallic phase at T > TIMT produces

a decrease of both ∆σ and ∆R/R in addition to clearly defined temperature dependent

acoustic signatures, as previously reported8,9.

Figure 2c compares the normalized ∆σ(t) for the 95 nm and 75 nm V2O3 films at 100

K for a pump fluence of 3 mJ/cm2. The 95 nm film has a metallic conductivity more than

twice as large as the 75 nm film (Fig. 1b and Fig. S234), which is likely due to its single

crystalline rather than polycrystalline nature and to its consequent smaller defect density.

As discussed in an earlier publication50, the defect density has a strong influence not only

on the static properties but also on the transition dynamics of V2O3 thin films since it

affects the nucleation and growth of metallic domains in the insulating phase. For V2O3

and VO2, it is important to distinguish between ultrafast transition dynamics that occur

at the microscopic level, independent of the nucleation and growth process, and those that

occur at the mesoscopic level where the response is dominated by nucleation and growth.

Microscopic effects have been extensively discussed, particularly in the case of VO2
23,35,51,52.

Using a THz probe, which is sensitive to the mesoscale dynamics, we observe fast ∆σ(t)

transients that start during photoexcitation by the pump pulse for the 75 nm film, whereas

the 95 nm film exhibits slower variations and a delayed onset relative to the pump arrival

time (Fig. 2c). These significant differences in conductivity dynamics cannot be explained

by the minimal difference in film thickness. Rather, they occur due to the 95 nm film

containing fewer defects than the 75 nm film, and hence fewer defect-induced preferential

nucleation sites, which slows down the photoinduced IMT in the thicker sample50. Such

mesoscopic effects occur independently in addition to any microscopic modifications, and

their effect on the dynamics must be taken into account in studies of both V2O3 and VO2.

D. Acoustic dynamics – dependence on film thickness and temperature

Despite differences in IMT timescales (Figs. 2c and S534), high temperature dynamic

data for the 50 nm VO2 film and the 95 nm V2O3 film are comparable to the 75 nm films

of each material and consequently are shown in Fig. S4 of the Supplemental Material34.
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Finally, ∆R/R dynamics for VO2 and V2O3 at T < TIMT also exhibit acoustic oscillations

characteristic of the insulating phase. The full ∆R/R dynamic insulating responses have

many contributing factors and are therefore less straightforward to analyze than the metallic

responses. As the present work focuses on the acoustic component, the full low temperature

∆R/R signals are shown in Fig. S334. The acoustic signatures of the insulating phase can,

however, be compared with the metallic phase results of Figs. 3b and 3d, as shown in Fig.

5 and discussed in Section IV below.

IV. ANALYSIS AND DISCUSSION

In order to analyze the acoustic dynamics in more detail, we subtract all exponen-

tial non-oscillatory contributions to the metallic data in Fig. 3, as detailed in the Sup-

plemental Material34. These exponential components of the dynamics, due to nonlin-

ear electronic responses and to thermal decay, are consistent with previously reported

measurements7–9,13,16,53,54 but their detailed discussion is beyond the scope of our present

work. Background subtraction yields the acoustic contribution to ∆σ(t), shown in Fig. 4,

and to the ∆R/R dynamics, shown in Fig. 5. The lack of acoustic signatures in the in-

sulating phase ∆σ(t) response in Figs. 2a and 2b is expected since the THz probe is only

sensitive to the metallic volume fraction50.

A. Transient acoustic modulation of the THz conductivity

The acoustic component of the ∆σ dynamics is shown in Fig. 4a and 4b for VO2 and

V2O3, respectively. The modulation is significantly longer lived in V2O3, an indication that

phonon damping is smaller in V2O3 than in VO2. The significance of phonon damping for

the properties of VO2 and V2O3 will be discussed in more detail below.

In Fig. 4c, the maximum ∆σ oscillation amplitude for both VO2 and V2O3 is plotted as a

function of T−TIMT . The maximum is estimated at the time delays marked by vertical gray

bars in Figs. 4a and 4b to avoid potential residual contributions from non-acoustic effects at

shorter time delays. The choice of temperature scale enables a direct comparison between

the different samples and materials. The bottom part of Fig. 4c shows the oscillation

amplitude maxima normalized by the static conductivity at that temperature34, while the
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normalized by the static conductivity at the corresponding temperature (Figs. 1 and S234). Top:

Temperature dependence of the maximum acoustic modulation of ∆σ. Data is shown for all four
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K, where the influence of the IMT hysteresis could affect the results.
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top shows the non-normalized values. For T > TIMT + 20 K, i.e. well outside the hysteresis

region (Fig. 1), the absolute value of the maximum conductivity modulation (top of Fig.

4c) decreases with increasing temperature for all films. This decrease is consistent with

the negative slope of the static conductivity observed with increasing temperature in the

metallic phase (Figs. 1 and S234). Interestingly, the conductivity oscillation amplitudes

are very similar for all the samples examined, even after accounting for the differences in

pump fluence (the fluence dependence for the two V2O3 samples is discussed in Section II

F and Fig. S6 of the Supplemental Material34). In particular, oscillation amplitudes are

comparable for VO2 and V2O3, as well as for samples of the same material with different

static conductivities.

The normalized plot in Fig. 4c (bottom) enables a more direct comparison of VO2 and

V2O3 results since it provides a measure of the effective acoustic modulation, independent

of the overall conductivity of the sample. It is clear that acoustic modulations in the 75 nm

thick V2O3 are stronger than in VO2, which points to larger electron-phonon induced strain

modulation. This conclusion is further strengthened if the different pump fluences are taken

into account when analyzing the data (cf. Section II F and Fig. S6 of the Supplemental

Material34). The 95 nm thick V2O3 film does not show such a strikingly higher effect

compared to VO2. This could be due to lower acoustic impedance between sample and

substrate in this 95 nm V2O3 film, the only single crystalline system among all epitaxial

films under study, which would cause a decrease in the amplitude of acoustic modulations.

The normalized plot of Fig. 4c also shows that the effective acoustic modulation displays

no clear dependence on temperature.

B. Acoustic modulation of ∆R/R – temperature dependence of the sound velocity

It is not trivial to relate the acoustic oscillation period in ∆σ(t) with the sound velocity

in the system since the THz probe, with its ∼300 µm wavelength, effectively probes an

average acoustic modulation of the conductivity in the sub-micron thick films9. However,

an approximate sound velocity value can be directly determined using oscillations of ∆R/R,

the transient reflectivity at 800 nm42. A model of the ∆R/R response expected for a strain

modulated thin film following photoexcitation is given in Section III and Fig. S7 of the

Supplemental Material34. The success of this model in reproducing the data on a thicker
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FIG. 5. Background subtracted ∆R/R acoustic oscillations for (a) insulating and (b) metallic

VO2 and for (e) insulating and (f) metallic V2O3, corresponding to the data in Figs. 3b, 3d and

S334. Plots to the right show the temperature dependence of the acoustic oscillation period and

the corresponding sound velocity (c, g), as well as of the damping time (d, h), for VO2 (c, d) and

for V2O3 (f, h), extracted by fitting the shaded regions of a, b, e and f with a damped sinusoid.

Red lines in c and g are linear fits (c, g: insulating phase), an exponential guide to the eye (c:

metallic phase) and an exponential fit (g: metallic phase). In d and h the fully metallic region is

shaded gray, for comparison with Fig. 1.

V2O3 film serves as a validation of the use of ∆R/R oscillations to extract sound velocity

values.

We focus on the acoustic oscillations which are isolated in Fig. 5, obtained from the data

in Figs. 3b and 3d for T > TIMT , and in Fig. S334 for T < TIMT . Acoustic modulations

of ∆R/R for T < TIMT are more difficult to observe in V2O3 than in VO2 as the current

measurements are limited to temperatures above 80 K. Indeed, the lower value of TIMT for

V2O3 compared to VO2, as well as the fact that the latent heat is smaller and therefore the

IMT can be driven at the same fluence for lower temperatures relative to TIMT , means that

the acoustic response of the insulating phase in V2O3 is quickly masked by phase transition

dynamics. This problem could be circumvented in future work by analyzing the response at

lower temperatures or by studying doped V2O3 samples.

The period of the reflectivity oscillations shown in Figs. 5c and 5g is determined by
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fitting the shaded regions in the corresponding reflectivity data with a damped sinusoid,

∆R = ∆R0 +A× exp(−t/td)× sin(2π(t− t0)/τ), where τ is the period and td the damping

time. The fidelity of the fit is validated by the near unity adjusted R2 values (cf. Section

II D of the Supplemental Material34). Given that the 75 nm thickness of the films is on the

order of acoustic phonon wavelengths40, the observed oscillations are essentially reflections

of the acoustic wave between the film surface and the film-substrate interface, as described

in Section I. The corresponding sound velocity can therefore be calculated from the period,

τ , using vsound = 4d/τ 41,42, where d is the film thickness.

The most striking effect in these data is that the sound velocity associated with these

oscillations, apart from a slow and monotonic increase with temperature, exhibits an abrupt

increase at TIMT when going from the insulating to the metallic phase, by a factor of 4-5 in

VO2 and 3-5 in V2O3. This is seen clearly in Figs. 5c and 5g. Such a large sound velocity

variation is not unexpected in vanadium oxides, where lattice constants change by about

1% across the structural phase transition that accompanies the IMT34,37,55. V-O and V-V

bond lengths change by up to 4% across the structural transition, on average, stabilizing an

insulating phase below TIMT or a metallic phase above TIMT
33,34,56.

Previous sound velocity measurements for the metallic phase of VO2 bulk single crystals

yield approximately 4x103 m/s, measured along the rutile c-axis for surface Rayleigh waves

by Maurer et al.26, or 8x103 m/s, determined from the phonon dispersion of the longitudinal

acoustic mode along the Γ-Z direction in Budai et al.28. In the metallic phase of V2O3

Seikh et al.40 and Yelon et al.57 report 8x103 m/s, corresponding to longitudinal acoustic

mode propagation. The VO2 and V2O3 metallic sound velocities shown in Fig. 5 are

consistent with the order of magnitude reported previously. Maurer et al.26 and Seikh et

al.40 also measure the sound velocity across the IMT, for VO2 and V2O3, respectively, and

find variations by a factor of at most 1.5, smaller than the one we report in this work. We

note, however, that these previous measurements were performed on bulk samples while our

current results correspond to thin film properties. Some difference in the absolute value of

the sound velocity as well as in its variation across the IMT is expected between bulk and

thin film samples, as discussed below. Our work quantifies this difference using a method

which can easily be extended to other systems.

Sample to sample variation in vanadium oxides, and in particular in vanadium oxide

thin films, is well known and must be taken into account when analyzing and comparing
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different data sets39. In particular, variation in sound velocity values is a result of the

different strain environments and crystallinity of the samples. The strain sensitivity of VO2

material properties, in particular, is widely reported39,58–61 and is caused by large differences

in lattice constant values along different crystallographic axes with large variations of these

values across the IMT (Table SI34). For the measurements presented here, sound velocity

determination could be affected by acoustic waves propagating at an angle to the film normal,

by substrate-induced strain in the growth direction, as well as by contributions from other

acoustic modes in the system, in particular non-longitudinal waves.

C. Increased phonon damping in the metallic phase

Analyzing Figs. 4a and 4b and Figs. 5b and 5f from the perspective of acoustic modu-

lation damping reveals that the amplitude of the metallic phase ∆σ and ∆R/R oscillations

decays faster in VO2 than in V2O3. The damped sinusoid fit to the metallic ∆R/R data

yields damping times of about 10 ps for VO2 (Fig. 5d) and 20 ps for V2O3 (Fig. 5h)34.

Damping effects are thus stronger in the metallic phase of VO2 compared to V2O3. The

observations from Budai et. al.28 of increased phonon damping in the metallic phase com-

pared to the insulating phase are verified by our analysis on VO2, where the damping time

decreases from 145 ps in the insulator to 10 ps in the metal. The results for V2O3 show a

decrease in damping time from 225 ps in the insulating phase to 20 ps in the metallic phase,

suggesting a similar influence of phonon anharmonicity to be at play in the metallic phase of

V2O3. It should be noted that an additional source of damping exists, due to transmission of

the acoustic wave into the substrate. Transmission losses will depend on how well acoustic

impedances are matched between the film and the substrate, and can potentially lead to an

increased effective damping time associated with the VO2 or V2O3 material responses alone.

Quantitative comparisons with damping times obtained from other methods must therefore

be done with care. Details of the damping analysis are presented in Section II D of the

Supplemental Material34.

D. Discussion
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Figures 4 and 5 provide a measure of photoinduced acoustic signatures in VO2 and V2O3.

It is interesting to compare the temperature dependence of the different properties of the

system. While the static conductivity, sound velocity and acoustic damping all vary with

temperature in the metallic phase, the effective acoustic modulation (normalized plot at the

bottom of Fig. 4c) shows no clear temperature dependence.

Comparing VO2 and V2O3 in Figures 4 and 5 enables us to conclude that acoustic sig-

natures are qualitatively the same and quantitatively within a factor of two of each other.

This is so despite differences in the mechanism that drives the IMT, in particular the larger

effect expected from electronic correlations in V2O3 compared to VO2, and in the latent

heat associated with the IMT (65 J/cm3 for V2O3
62 and 240 J/cm3 for VO2

63). In the

remainder of the manuscript we discuss the possible origin of the larger acoustic modulation

signal that is observed for V2O3. First, the electron-phonon coupling coefficient is higher for

V2O3 (3x1018 W K−1m−3 34) than for VO2 (1018 W K−1m−3 64), which partially explains the

increased signal strength since energy couples more efficiently between the electrons and the

lattice. This means that the strain wave generation process following electronic photoexci-

tation is more efficient in V2O3, and that the subsequent strain-induced modifications of the

electronic spectral weight are stronger. In fact, metallic V2O3 at atmospheric conditions is

seen to lie near a transition line to a pressure induced isostructural paramagnetic insulating

phase (Fig. S1), so that one would indeed expect a similar pressure change to lead to a

larger change in the conductivity for V2O3 than for VO2. Second, the lattice structure of

V2O3 is overall more amenable to modulations, as deduced from the lower phonon damping

measured in V2O3 compared to VO2 which effectively means that the structure is less rigid.

This implies that photoinduced strain modulations would be larger in V2O3 for the same

amount of energy transferred to the lattice. Lastly, it is important to reiterate the strong

influence of differences in defect density, which lead to variations in the static and dynamic

properties of both VO2 and V2O3 when comparing nominally equivalent samples. In par-

ticular, such variations are known to affect the structural response of these materials32, and

should therefore be taken into account when attempting precise quantitative comparisons.
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V. CONCLUSION

This work demonstrates that strong electron-phonon coupling exists and is responsible for

clear ultrafast acoustic modulations of the Drude and optical responses in V2O3 and VO2.

This effect appears to be stronger for V2O3 than for VO2, suggesting that the electronic and

lattice structures of V2O3 are more amenable to transient strain modulation than those of

VO2.

We further identify a significant temperature dependence of the sound velocity in both

materials, in particular a dramatic increase by a factor of 4-5 in VO2 and 3-5 in V2O3 across

the IMT. The observation (in both materials) of stronger acoustic damping in the metallic

phase relative to the insulating one confirms the strong role of phonon anharmonicity in

metallic VO2 and suggests that a similar mechanism is at play in V2O3. The timescale for

damping of the acoustic modulations in both the THz conductivity (Drude response) and

the near infrared reflectivity (spectral weight at 1.55 eV, related to the occupation of V3d

orbitals) are longer for V2O3 than for VO2, indicating stronger damping in the latter and

thus a potentially stronger phonon anharmonicity contribution.

Our findings demonstrate that transient strain induced by photoexcitation is a useful tool

to both analyze and control the electronic properties of complex materials and their coupling

to lattice excitations. The same approach could be used to investigate the modifications to

the electronic and lattice properties induced by different defect densities. This is particularly

relevant in the case of VO2 and V2O3, where different defect densities lead to strong sample

to sample variation of static and dynamic properties, but is likely applicable to other complex

materials and to their properties which are characteristically sensitive to small perturbations.
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