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We study the thermal relaxation dynamics of VO2 films after the ultrafast photo-induced metal-
insulator transition for two VO2 film samples grown on Al2O3 and TiO2 substrates. We find two
orders of magnitude difference in the recovery time (a few ns for the VO2/Al2O3 sample vs. hundreds
of ns for theVO2/TiO2 sample). We present a theoretical model that accurately describes the MIT
thermal properties and interpret the experimental measurements. We obtain quantitative results
that show how the microstructure of the VO2 film and the thermal conductivity of the interface
between the VO2 film and the substrate affect long time-scale recovery dynamics. We also obtain a
simple analytic relationship between the recovery time-scale and some of the film parameters.

I. INTRODUCTION

Vanadium dioxide (VO2) undergoes a metal-insulator
transition (MIT) around room temperature1–3, enabling
a wide range of potential applications. It has recently
been demonstrated that the MIT can also be induced
electrically and optically. In fact, great progress has been
made in this direction in recent years: experiments have
shown that is possible to photo-induce the MIT in VO2

in the sub-picosecond timescale4–10. This finding makes
VO2 a material of great interest for electronic and pho-
tonic applications, such as ultra-fast switches or transis-
tors. The realization of VO2-based switches requires the
ability to control the VO2 MIT dynamics using external
fields, as well as a better understanding of the recov-
ery mechanisms after the external field is turned off and
the material returns to its normal state. The mechanism
by which the photo-induced MIT takes place in VO2 is
still not fully understood due to the complexity of the
electronic behavior of VO2 arising from the presence of
strong electron-lattice coupling and electron-electron in-
teractions. As a result, VO2 is a unique material of great
fundamental and practical interest.

At low temperatures (T . 340 K) the VO2 lattice
has a monoclinic structure, whereas at high temperatures
(T & 340 K) it has a tetragonal structure. This difference
in lattice structure is reflected in the band structure: VO2

is an insulator in the monoclinic phase and a metal in the
tetragonal phase. This simple picture is complicated by
the fact that in VO2 electron-electron correlations are
very strong and can provide an important contribution
to the localization of the electronic states via the Mott
mechanism11–13. It appears that a full account of the
MIT must take into account the interplay of the lattice
dynamics and the electron dynamics driven by strong
electron-electron correlations. This is a fascinating and
extremely challenging problem that in addition is compli-
cated by the unavoidable presence of inhomogeneities14,
and the short timescale dynamics have been investigated

in previous reports15–23.
In this work, using a combined theoretical and experi-

mental approach, we focus on the role played by inhomo-
geneities and the substrate in determining the relaxation
dynamics of the photo-induced MIT in VO2 films. Us-
ing a pump-probe experimental arrangement, we investi-
gated the time evolution of the optical properties after a
photo-induced MIT in VO2 films grown under identical
conditions on two different substrates, sapphire (Al2O3)
and rutile (TiO2). We found more than two orders of
magnitude difference in the thermal relaxation rate, as
shown in Fig. 1. We show that such a significant differ-
ence cannot be explained solely by the differences in the
substrate thermal conductivity, and requires taking into
account both structural differences in the two films and
the thermal properties of the interface between the film
and the substrate.

FIG. 1. Relative change in reflectivity (∆R/R) for the VO2

film on (a) Al2O3 substrate and (b) TiO2 substrate as a func-
tion of time after the MIT is induced at time t = 0 by a
strong ultrafast pump pulse. The values of the pump flu-
ence are shown in the legend, and the sample temperature
is set to 311 K in (a) and 280 K in (b), which correspond
to approximately 30 K below the critical temperature Tc for
thermally-induced MIT for each sample.

We present a theoretical model that illustrates that
both spatial inhomogeneities in the VO2 films and the
thermal properties of the film-substrate interface play an
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important role in the thermal relaxation dynamics. We
also demonstrate that such model is capable of describing
the experimental results with good accuracy in a wide
range of the pump laser fluences and sample tempera-
tures. Thus, our experimental and theoretical findings
are directly relevant to understanding the effect of in-
homogeneities and different substrates and interfaces in
the physics of the VO2 MIT. In addition, our work is
also relevant to the more general problem of how spa-
tial inhomogeneities affect a first order phase transition.
The ability of our treatment to contribute to this general
problem relies on the fact that in VO2 the two phases
across the first-order transition have very different elec-
tronic properties (metallic vs. insulating behavior) that
allows us to get an accurate phase mapping, via opti-
cal reflectivity measurement, of the time evolution of the
metallic (insulating) fraction and, indirectly, of the spa-
tial inhomogeneities present during the transition.

The work is organized as follows. Sec. II describes
the experimental arrangements to measure the optical
reflectivity time-evolution. The details of the theoret-
ical model that we use to characterize the distribution
of the films’s inhomogeneities using thermally induced
MIT and the long-time dynamics of the reflectivity after
a photo-induced MIT are presented in Secs. III and IV,
respectively. In Sec. V we demonstrate how the varia-
tions in statistical properties of the two films result in
significant difference in the relaxation timescales, and in
Sec. VI we provide our conclusions.

II. EXPERIMENTAL SETUP

In our experiments we studied two VO2 thin-film sam-
ples, both of which were produced using reactive-bias tar-
get ion beam deposition (RBTIBD)24. One sample was
grown on 0.5 mm thick c-Al2O3, and the thickness of the
VO2 film was 80 nm. The other sample was grown on a
0.5 mm thick TiO2 (011) substrate, and was measured to
be 110 nm thick. XRD evaluation of both films showed
them to be crystalline, and detailed characterization in-
formation is available in previous reports25,26.

FIG. 2. Schematic of the ultrafast pump-probe setup. BS is
an 80/20 beam splitter.

For the photoinduced MIT experiments we used an

ultrafast laser system (Coherent Mantis oscillator and
Legend Elite regenerative amplifier) with approximately
100 fs pulses with a central wavelength at 800 nm and a
repetition rate of 1 kHz. The properly attenuated output
of the laser was split into strong pump pulses and weaker
probe pulses using a beam splitter in a standard pump-
probe configuration, shown in Fig. 2. The more power-
ful pump beam, focused to a 180 µm diameter spot on
the surface of the sample, was used to induce the MIT,
and its fluence was controlled using a variable neutral-
density filter (VF). The fluence of the probe beam was
further attenuated to a value well below the MIT thresh-
old (φprobe ≤ 100 µJ/cm2), and we used its reflectiv-
ity from the sample to monitor the instantaneous optical
properties of the VO2 film. The probe pulses were di-
rected along a variable delay stage to accurately control
the relative timing between the pump and probe pulses
by up to 4 ns with a few fs precision. The probe beam
was focused on the sample at the same spot as the pump
beam, using a shorter focal length lens. When tuned
to the center of the pump beam focal spot, the smaller
probe beam diameter (90 µm) ensured to probe a region
of uniform pump intensity.

The reflected probe power was measured using a sili-
con photodetector, and further analyzed using a lock-in
amplifier. To minimize the effects of probe pulse insta-
bilities, as well as long-terms drifts due to environmental
changes, we report the relative change in probe reflection
∆R/R with the pump beam on or off.

FIG. 3. Schematic of the experimental setup using a
continuous-wave probe laser.

Notably the MIT relaxation of the VO2/TiO2 sample
was not measurable with the femtosecond probe, as its
characteristic decay time exceeded the 4 ns maximum
pulse separation, determined by the length of the de-
lay stage. To measure the relaxation of the metallic VO2

grown on the rutile sample we modified our experimental
setup by replacing the femtosecond probe pulses with a
continuous-wave (CW) diode laser operating at 785 nm
and a fast photodiode (measured response time of ap-
proximately 10 ns), as shown in Fig. 3. This detection
method allowed us to measure changes in reflectivity for
times longer than ≈ 20 ns after MIT, that were inacces-
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sible with the femtosecond probe arrangement.
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s) Rutile Ts(L) = 280 K

Sapphire Ts(L) = 310 K

FIG. 4. Dependence of metal state decay constant τ on the
laser pump fluence and substrate temperature. Dots repre-
sent experimental data, and lines corresponds to the results
of the theoretical calculations. The initial temperature Ts for
both sample substrates was approximately 30 K below their
respective MIT critical temperatures.

Figure 1 shows sample measurements of both the
VO2/Al2O3 and VO2/TiO2 films, using the femtosceond
and CW probe arrangements respectively. The analysis
of the relative reflectivity for both VO2 samples demon-
strate that after the initial rapid change during the ultra-
fast MIT, its time evolution during relaxation is well fit-
ted by a single exponential function with a recovery time
constant τ :

Rfit(t) = A(1− e−t/τ ). (1)

The results of such measurements are shown in Fig. 4:
for VO2/Al2O3 films we obtained values of τ of the or-
der of few nanoseconds, whereas it took the VO2/TiO2

sample a few hundred nanoseconds to relax back to the
insulating state. This two orders of magnitude difference
in the recovery times was even more surprising consider-
ing that the characteristic times for the transition itself
were quite similar, as demonstrated in previous studies15.
In the discussion below we demonstrate that the relax-
ation dynamics strongly depend on the microstructure of
the VO2 films which in turn is strongly influenced by the
properties of the substrate and their interface.

Figure 4 also reveals that the rate of thermal relaxation
for both samples increases with higher pump power. This
is an intuitively expected trend: since there is a signifi-
cant light absorption in the VO2 thin films, more energy
must be dissipated for the case of a more powerful pump
pulse. Moreover, for the higher pump powers we observed
deviation of the measured reflectivity from a simple expo-
nential recovery. The observed “flattening” of the curves
is due to the pump pulse heating the sample to a temper-
ature above the threshold value for the thermally-induced
MIT. In this case reflectivity stays unchanged at the level
corresponding to a fully metallic phase until the sample
cools down to the transition temperature. For all ex-
perimental curves only the later exponential part of the

measured reflectivity was included into the fitting ther-
mal relaxation time analysis.

III. THEORETICAL MODELING OF
NON-HOMOGENEITY IN A VO2 THIN FILM

In order to take into account the effect of the inhomo-
geneities on the MIT dynamics the first step it to char-
acterize them. Theoretical and experimental evidence27

indicates that for thin films the probability distribution
P (D) of the grain size D typically follows a log-normal
distribution

P (D) =
1√

2πσD
exp

−
[
lnD/D̂

]2
2σ2

. (2)

In Eq. (2) D is the effective diameter of a grain assumed

spherical, D̂ is the grain size (diameter) such that ln D̂ =
〈lnD〉, where angle brackets denote averaged quantities,
and σ is the standard deviation of ln(D). We note that
we have also considered the case of non-spherical grains,
like ellipsoids or cylinder; these cases, however, require
introduction of additional fitting parameters that are not
well constrained experimentally and therefore weaken the
strength of the theoretical model.

Direct surface imaging experiments of the VO2 films
provides an order of magnitude of the grain size but can-
not be used to quantitatively determine the parameters
D̂ and σ since they do not yield information related to
variation of grain sizes across the thickness of the film.
For this reason we use instead the reflectivity profile as
a function of temperature through a thermally induced
MIT on the same thin film sample to indirectly asses the
non-homogeneity distribution function P (D), as shown
in Figure 5.

The temperature driven MIT in VO2 is a first-order
transition. In the ideal case its properties, such as elec-
trical resistivity or optical reflectivity, are expected to
exhibit a finite, step-like change at the critical tempera-
ture Tc, at which the sample goes from a low-temperature
insulating state to a high-temperature metallic state.
In thin films, however, the optical reflectivity smoothly
changes from the value corresponding to the insulating
phase (Rins) to the value characteristic to the metallic
phase Rm as the temperature increases, as Fig. 5 illus-
trates. The fact that the MIT takes place over a range
of temperatures implies that different regions of the sam-
ple have different Tc values. Notice that this is different
from the statement, obvious for a first order transition,
that metallic regions coexist with insulating regions. One
natural explanation of the fact that different regions have
different values of Tc is that the film is comprised of grains
of different size, D, and therefore with different Tc

28,29.
The simplest, physically justified, relation betweenD and
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Tc
30,31 is

Tc = T (bulk)
c

(
1− 1

D/D0

)
, (3)

where T
(bulk)
c is the bulk transition temperature and D0

is the grain diameter below which the metallic (rutile)
and insulating (monoclinic) phases are indistinguishable
for a given probe29. In general, the Tc of a grain will
be affected also by the local strain experienced by the
grain32. We note that for the purpose of calculating the
time evolution of the reflectivity after the photo-induced
MIT it is sufficient to know the probability distribution of
Tc. In this respect Eqs. (3), (2), can be interpreted sim-
ply as effective, physically justified, equations to obtain
P (Tc):

P (Tc) = P (D(Tc))
dD

dTc
. (4)

In the remainder we take D0 to be the diameter of a
sphere with a volume equal to the volume of 8 VO2 unit
cells in the rutile phase, and we use the effective criti-
cal temperature Tc = 355 K, which is the temperature
at which the VO2/Al2O3 sample is completely metallic.
This value is somewhat different from the the bulk VO2,

T
(bulk)
c = 340 K due to film strain28,33. The knowledge

of P (Tc) allows us to calculate the insulating fraction of
the film (ηI) for any value of the temperature T , and
therefore the metallic fraction is ηM = 1− ηI :

ηI(T ) =

∫ ∞
T

P (Tc)dTc. (5)

To obtain the variation of the film reflectivity R with
temperature across the MIT, we use an effective medium
theory (EMT)34–37. In EMT an inhomogenous system
is replaced by an effective homogenous medium having
the same, bulk, electric properties. Let εM , εI be the
dielectric constants (at the probing frequency) of VO2 in
the metallic and insulating phase respectively. Then, the
dielectric constant of the effective medium εEMT is given
by the following equation:

ηI(εI − εEMT )

εEMT + g(εI − εEMT )
+

ηM (εM − εEMT )

εEMT + g(εM − εEMT )
= 0.

(6)
In Eq. (6) g is a factor that depends on the shape of
the grain. Approximating the inhomogenous film as an
effective 3D composite with compact spherical inclusions
we used g = 1/3. Let n and k be the real and imaginary
parts respectively of the index of refraction, so that for
the effective medium n+ ik =

√
εEMT and therefore

R =

∣∣∣∣∣∣
cos θ0 −

√
(n+ ik)2 − sin2 θ0

cos θ0 +
√

(n+ ik)2 − sin2 θ0

∣∣∣∣∣∣
2

, (7)

where θ0 corresponds to the probe incidence angle. Us-
ing Eqs. (2)-(7), knowing εM and εI we can obtain the

evolution of the R(T ) across the thermally induced MIT.
By fitting the theoretically obtained profiles of R(T ) to
the experimental ones we can then identify the values of
the parameters D̂, and σD that characterize the inho-
mogenous film microstructure.
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FIG. 5. Evolution of the reflectivity across thermally in-
duced MIT for case of sapphire and rutile substrate normal-
ized to the average critical transition temperature. For ru-
tile substrate 〈Tc〉 = 314.0 K, and for the sapphire substrate
〈Tc〉 = 340.1 K.

Figures 5 (a), (b) show the evolution as a function of
temperature of the reflectivity across the thermally in-
duced MIT for a VO2 film grown on sapphire and TiO2,
respectively. Dots connected by dashed lines show the ex-
perimental measurements, while the solid lines show the
results obtained using the theoretical approach described
above.

To determine the parameters entering the theory we
first set the value of the imaginary part of the complex
index of refraction kM , kI for the metallic and insulating
VO2 films to the measured values, consistent with the val-
ues reported in the literature38,39. Then we use Eq. (7),
that relates the complex index of refraction, and opti-
cal reflectivity R, and the measured experimental value
of RI (RM ) at the insulating (metallic) phase to fix the
corresponding values of the real part of the complex in-
dex of refraction nI (nM ), and therefore obtain the di-
electric constants εI , εM entering Eq. (6). Using Eq. (5),
ηM = (1 − ηI), and Eq. (6) we can then obtain εEMT ,
and therefore the value of the effective medium reflectiv-
ity using Eq. (7), across the thermally induced MIT. By
fitting the profile of R(T ) to the experimental data for
the case of VO2 on sapphire we obtain that the average
grain size, and the standard deviation, that determine
the probability distribution P (D) are 〈D〉 = 64.7 nm
and σD = 38.5 nm, respectively. For the case of VO2

on TiO2 we obtain 〈D〉 = 17.4 nm and σD = 1.1 nm.
These results show that the average grain size is of the
same order in the two type of VO2 films, VO2/Al2O3 and
VO2/TiO2. On the other hand, the standard deviation of
the grain size is almost an order of magnitude different:
VO2/TiO2 samples appear to have a much smaller vari-
ation in the grain size than VO2/Al2O3 samples. This is
also reflected in the distribution of Tc. Figures 6 (a), (b)
show the probability distributions P (D) corresponding
to the values of 〈D〉 and σD used to obtain the good
theoretical fit to the evolution of R(T ) shown in Fig. 5.
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Figures 6 (c), (d) show the corresponding probability dis-
tribution for Tc. With knowledge of P (D) the theoretical
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FIG. 6. Panels (a) and (b) show the grain size probability
distributions normalized to the average grain size for sapphire
(〈D〉 = 64.7 nm) and rutile (〈D〉 = 17.4 nm) substrate respec-
tively. Panels (c) and (d) show the critical temperature prob-
ability distribution normalized to the average critical temper-
ature for sapphire (〈Tc〉 = 340.1 K) and rutile (〈Tc〉 = 314.0
K) respectively. The bulk critical temperature is taken to be

T
(bulk)
c = 355 K.

model also allows us to obtain the temperature evolution
of the insulating and metallic fraction of the VO2 film
across the thermally induced MIT. The results for the
case of VO2 on sapphire and TiO2 are shown in Fig-
ures 7 (a), (b) respectively. The much smaller value of
σD for VO2/TiO2 compared to VO2/Al2O3 is reflected
in a much steeper variation of ηI , and therefore of R(T ),
across the MIT.
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FIG. 7. Evolution of the insulating partial volume ηI across
the thermally induced MIT for case of (a) sapphire and (b)
rutile substrates. For rutile, 〈Tc〉 = 314.0 K, and for sapphire
〈Tc〉 = 340.1 K.

IV. THEORETICAL MODELING OF THE
RELAXATION DYNAMICS OF THE MIT

In this section we show that the proposed treatment
of the inhomogeneous VO2 films can also accurately de-
scribe their thermal relaxation at long-time scales after

the photo-induced MIT, when the dynamics of the VO2

film can be assumed to be adiabatic. In this regime the
film cools by transferring heat to the substrate. In the
process of cooling more and more metallic regions be-
come insulating and therefore cause a significant change
in reflectivity.

FIG. 8. Sketch of the heterostructure considered in this work.
It is composed of a vanadium dioxide (VO2) thin-film de-
posited on top of a substrate. The substrates considered in
this work are titanium dioxide (TiO2), and aluminum oxide
(Al2O3). For VO2/TiO2 d = 110 nm while for VO2/Al2O3

d = 80 nm. For both substrates, L = 0.5 mm.

In our experiment the VO2 films have a thickness d
equal to or smaller than 110 nm (see Fig. 8), which is
comparable with the laser 1/e penetration depth δ '
110 − 130 nm15. Thus, we can assume that the pump
pulse heats the film uniformly throughout its thickness.
To describe the heat transfer process between the film
and the substrate, we assume the temperature to be uni-
form throughout the film for all times. Effectively, given
this conditions, the heat transfer problem becomes a one-
dimensional problem, and the equation for the rate of
change of the heat (Q) in the film takes the form:

dQ

dt
=A× d× (ρICIηI(Tf ) + ρMCMηM (Tf )

+ L(Tf )P̃ (Tf )ρav

) ∂Tf
∂t

, (8)

where Tf is the film temperature, A is the area of the
film, ρI (ρM ) is the density in the insulating (metallic)
phase, ρav ≡ (ρI + ρM )/2, CI (CM ) is the heat capacity
in the insulating (metallic) phase, L is the specific heat
and P (Tf )dTf is the fraction of the sample undergoing
the MIT in the time interval dt during which the film
temperature is in the interval [Tf , Tf + dTf ]. In analogy
to Tc, we assume

L = L(bulk)

(
1− 1

D/D0

)
, (9)

where L(bulk) is the value of the specific heat for bulk
VO2. For a given Tf , the values of ηM (Tf ) and ηI(Tf ) are
obtained using the method previously described, having
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fixed the parameters characterizing P (D) via the results
for the thermally induced MIT.

The rate of change of heat in the film given by Eq. (8)
must be equal to the heat current (JQ) across the inter-
face between the film and the substrate:

JQ = −σKA(Tf − Ts(d)) (10)

where σK is the Kapitza constant characterizing the ther-
mal conductivity of the interfaces40–43, and Ts(d) is the
temperature of the substrate at the surface facing the
VO2 film. Combining Eq. (8) and Eq. (10), for Tf we
obtain the equation:[

ρICIηI(Tf )+ρMCMηM (Tf ) + L(Tf )P̃ (Tf )ρav

]∂Tf
∂t

= −σK
d

(Tf − Ts(d)). (11)

Notice that equation (11) is highly nonlinear due to the
Tf -dependence of the terms within the square brackets
on the left hand side.

The temperature distribution within the substrate,
Ts(z, t), satisfies the diffusion equation:

∂Ts(z, t)

∂t
=

ks
Csρs

∂2Ts(z, t)

∂z2
(12)

where ks, CS , ρs are the thermal conductivity, heat ca-
pacity, and mass density, respectively, of the substrate.
The bottom of the substrate, for which z = L (see
Fig. 8), is kept at a fixed temperature Ts(L). At the
film/substrate interface the heat transferred from the film
must be equal to the heat current ks∂Ts/∂z|z=d. We then
have that the boundary conditions completing Eq. (12)
are:

Ts(z = L, t) = T (B)
s ; (13)

ks
∂Ts(z, t)

∂z

∣∣∣∣
z=d

= −σK(Tf (t)− Ts(z = d, t)). (14)

Equations (11)-(14), combined with knowledge of the
probability distribution P (D), and relations (3), (9),
completely define the temperature evolution of the VO2

film. While these equations can in general be solved
only numerically, some qualitative understanding of the
decay time τ can be gained if we make some simpli-
fications. Let us assume first that the critical tem-
perature probability distribution is well approximated
by a Gaussian profile P̃ (Tc) = 1/(

√
2πσTc) exp{−(Tc −

〈Tc〉)2/(2σ2
Tc

)}, as it is the case for the VO2 sample
grown on rutile (see Fig. (6d)). In this case, the in-
sulating volume fraction is simply given by ηI(T ) =
1
2

[
1− erf

(
(T − 〈Tc〉)/(

√
2σTc

)
)]

. Then assuming that
the pump pulse is strong enough to drive the entire film
into a fully metallic state at t = 0, the time-dependence
of the insulating volume fraction can be approximated
by a simple exponential form ηI(t) = 1 − Ae−t/τ . In
this case, an expression for the temperature can be ob-
tained through the relationship ηI(T (t)) = ηI(t). Fur-
thermore, assuming that the substrate temperature Ts

does not change with time, and that the latent heat L
is temperature-independent, we can calculate the decay
constant τ :

τ = Cd
σTc

σK

(
CMρM + LρavP̃ (T0)

)
T0 − Ts

+ τ0 , (15)

where the constant C > 0, and τ0 can only be determined
by solving the full system of equations (11)-(13)

It is interesting to note that despite its many limita-
tions, Eq.(15) captures many important qualitative traits
of the actual relaxation process. For example, Figure (9)
shows a plot of the decay constant as a function of σTc

obtained solving the full system of equations (11)-(13) for
two different values of the average critical temperature,
and same initial temperature T0 = 360 K. It is easy to see
that the decay time τ follows the linear trend predicted
by Eq. (15) in the limit (T0 − 〈Tc〉)�

√
2σTc

. Similarly,
an exact solution shows the inverse dependence of τ on
the Kapitza constant, τ ∝ σ−1

K , as shown in Figure 10.

1.5 2.0 2.5 3.0 3.5 4.0
σTc (K)

65

70

75

80

85

90

95

τ
(n

s) 〈Tc〉 = 314 K

〈Tc〉 = 321 K

FIG. 9. Full numerical calculation of the dependence of metal
state decay constant τ on σTc for two different values of the
sample average critical temperature 〈Tc〉, and Ts(L) = 280 K.
The initial temperature T0 = 360 K is such that the sample
is initially fully metallic, and (T0 − 〈Tc〉)/(

√
2σTc) ≈ 9.

102 103 104

σK W/(K cm2)

101

102

τ
(n

s)

FIG. 10. VO2/Al2O3 metal state decay time τ dependence on
the Kapitza constant σk for 〈D〉 = 64.7 nm, σD = 38.5 nm,
substrate temperature Ts(L) = 310 K, and fluence φ =
8 mJ/cm2. The red dots correspond to numerical calcula-
tions, and the dashed line is given by τ ∝ σ−1

K



7

VO2 heat capacity insulating phase CI
44 0.656 J/(g K)

heat capacity metallic phase CM
44 0.78 J/(g K)

density insulating phase ρI
43 4.57 g/cm3

density metallic phase ρM
43 4.65 g/cm3

thermal conductivity insulating phase κI
45 3.5 W/(m K)

thermal conductivity metallic phase κM
45 6 W/(m K)

bulk latent heat L(Bulk)44 51.8 J/g

TiO2 heat capacity Cs
46 0.686 J/(g K)

density ρs
43 4.25 g/cm3

thermal conductivity κs
47 8 W/(m K)

Al2O3 heat capacity Cs
48 0.779 J/(g K)

density ρs
48 3.98 g/cm3

thermal conductivity κs
48 30 W/(m K)

VO2/TiO2 absortion coefficient at 800 nm α15 0.01 nm−1

VO2/Al2O3 absortion coefficient at 800 nm α15 0.0076 nm−1

TABLE I. Parameters of VO2 and substrates.

VO2/TiO2 VO2/Al2O3

〈D〉 17.4 nm 64.7 nm

σD 1.1 nm 38.5 nm

〈Tc〉 314.0 K 340.1 K

σTc 2.6 K 8.8K

nM + ikM 1.53 + i0.8 1.49 + i0.65

RM 0.14 0.11

nI + ikI 3.03 + i0.57 2.60 + i0.60

RI 0.28 0.23

TABLE II. Comparative table between VO2/TiO2, and
VO2/Al2O3 sample parameters.

V. EFFECT OF INHOMOGENEITIES ON THE
RELAXATION DYNAMICS OF THE

PHOTO-INDUCED MIT

Using the theoretical approach described in Sec. IV we
can obtain the time evolution of the optical reflectivity
R through the MIT, as well as explain the significant
difference in relaxation timescales between the two VO2

samples considered. In all the numerical calculations we
assume CI , ρI , CM , ρM to be equal to the bulk value
for insulating and metallic VO2, see Table I. The initial
film temperature is fixed by the pump fluence taking into
account the gaussian profile of the pulse and the fact
that some of the heat is lost by the film during the time
interval [0, t0] for which our analysis does not apply, t =
0 is time at which the pump pulse hits the VO2 film
and t0 = 10 ns for VO2/TiO2 films and t0 = 0.5 ns for
VO2/Al2O3 films.

Considering that we have identified the parameters in
both samples that determine P (D) using the profiles of
R(T ) for the thermally induced MIT, the only undeter-

mined parameter entering the theory is the Kapitza con-
stant σK . This last step can be done by analyzing the
experimentally measured time evolution of the optical
reflectivity for different laser fluences and substrate tem-
peratures, shown in Fig. 11 for the VO2/TiO2 sample.
It is easy to see that all experimental curves are well
approximated assuming the same value for the Kapitza
constant σK = 1100 W/(K cm2).

0 20 40 60 80 100 120 140
time (ns)

0.179

0.199

0.219

0.239

0.259

0.279

R
efl

ec
ti

vi
ty Rutile

a)

Ts(L) = 260K

Ts(L) = 270K

Ts(L) = 280K

0 20 40 60 80
time (ns)

0.4

0.6

0.8

1.0

η I
(t

)

b)

Ts(L) = 260K

Ts(L) = 270K

Ts(L) = 280K

FIG. 11. (a) Time evolution of reflectivity after the photo-
induced MIT for VO2/TiO2 for three different Ts(L) and
φ = 9 mJ/cm2. The solid curves correspond to the the-
oretical results, and the dashed curves correspond to the
experimental results. For the three theory curves we use
σK = 1100 W/(K cm2). Panel (b) shows the corresponding
insulating fraction time evolution.

To understand the origin of the large difference be-
tween the recovery time scale VO2/TiO2 films and
VO2/Al2O3 films, we first consider the effect of the av-
erage and standard deviation of the grain size. The the-
oretical calculations predict that inhomogineities in the
film can play an important role. For example, Fig. 12
shows the calculated dependence of the decay constants
τ on the grain size standard deviation σD for two val-
ues of 〈lnD〉, as defined in Eq. (2). Broader distri-
butions correspond to larger time scales. At the same
time differences in 〈D〉 and σD between VO2/Al2O3 and
VO2/TiO2 films alone cannot explain the observed dif-
ferences in the recovery times of R(t) for the two films.
To illustrate this, we model the time evolution of R(t)
after the photo-induced MIT in the VO2/Al2O3 film us-
ing the grain distribution parameters 〈D〉 and σD ob-
tained by fitting the corresponding R(T ) curve, but us-
ing the value of the Kapitza constant, obtained for the
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0.2 0.3 0.4 0.5 0.6
σD/〈D〉

101

102
τ

(n
s)

〈lnD〉 = 2.86

〈lnD〉 = 3.2

FIG. 12. Dependence of the VO2/TiO2 metal state de-
cay time constant τ on σD for two values of 〈lnD〉, as de-
fined in Eq. (2), Kapitza constant σK = 1100 W/(K cm2),
substrate temperature Ts(L) = 280 K, and initial fluence
φ = 9 mJ/cm2.

0 1 2 3 4 5
t(ns)

0.80

0.85

0.90

0.95

∆
R
/R
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s

Sapphire

σK = 1100 W/(Kcm2)

σK = 13000 W/(Kcm2)

FIG. 13. VO2/Al2O3 reflectivity time evolution after photo-
induced MIT for φ = 7.5 mJ/cm2. The red dots correspond
to the experimental result. The dotted curve correspond to
the theory with σK = 1100 W/(K cm2), and the solid curve
corresponds to σK = 13000 W/(K cm2).

VO2/TiO2 sample σK = 1100 W/(K cm2). The results of
these calculations are shown as a dashed curve in Fig. 13.
It is evident that the large difference in the values of τ
must be due to a significant difference in σK between
the two films. Indeed, the experimental curves R(t) for
VO2/Al2O3 are well approximated by the theoretical re-
sults assuming σK = 13, 000 W/(K cm2), shown as a
solid curve in Fig. 13.

Figure 14 shows the time evolution of the VO2 film
and substrate temperatures (close to the interface) for
the VO2/Al2O3 film, panel (a), and for the VO2/TiO2

film, panel (b), using the parameter values summarized
in Table I. It helps to qualitatively understand the differ-
ences in thermal relaxation between two samples. Due
to lower values of Kapitza constant and thermal conduc-
tivity, thermal energy stays more concentrated near the
VO2-TiO2 interface, keeping the temperature of the VO2

film above Tc longer.
To investigate the temperature dependence of the

0 10 20 30 40
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/T
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L

)
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a)
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Film
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Rutile

b)
Substrate

Film

FIG. 14. Film and substrate temperature time evolution. For
sapphire (a), Ts(L) = 310 K, and for rutile (b), Ts(L) =
280 K.

thermal relaxation we repeated the measurements
while changing the base substrate temperature of the
VO2/TiO2 sample. For these measurements the sample
was placed inside a cryostat, and cooled down to tem-
peratures Ts(L) between 260 K and 298 K. Since the
VO2 relaxation is due to the thermal exchange with the
substrate, we expect that lowering the substrate tem-
perature should lead to faster relaxation. The results of
these measurements, along with the theoretical calcula-
tions, are shown in Figure 15. We again observe a good
semiquantitative agreement between theoretical and ex-
perimental results. Also, note that the simple expression
for the decay constant τ Eq. (15) captures the overall
decay rate drop at lower substrate temperatures Ts(L).
It is worth pointing out that all the theoretical curves
are obtained using the fixed set of parameters shown in
Table I.

8 12 16 20 24
φ (mJ/cm2)

0

50

100
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Ts(L) = 260 K

Ts(L) = 270 K

Ts(L) = 280 K

Ts(L) = 287 K

FIG. 15. Dependence of metal state decay constant τ on
fluence and substrate temperature for VO2/TiO2.

An important advantage of the presented theoretical
model is that it allows an accurate description of the re-
laxation dynamics of different VO2 films under a wide
range of experimental conditions using a single set of
parameters describing the inhomogenous distribution of
grains in each film and the thermodynamic constants for
the film-substrate interface. For example, Fig. 4 shows
an excellent agreement between the experimental mea-
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surements and theoretical calculations across the entire
range of pump laser fluences, limited on the lower end by
our ability to reliably detect the variation in the probe re-
flectivity, and on the upper end by the damage threshold
of our sample (pump fluence > 40 mJ/cm2).

VI. CONCLUSIONS

In conclusion, we have presented a combined experi-
mental and theoretical study of the long time-scale recov-
ery dynamics of VO2 films following an ultrafast photo-
induced metal-insulator transition. We have presented
a theoretical approach to describe the time evolution of
the dielectric constant of VO2 films though the MIT, and
therefore of the reflectivity, over long-time scales after a
photo-induced metal insulator transition. We also have
shown how the parameters characterizing the grain size
distribution and the thermal conductivity of the interface
between the film and substrate affect such evolution. The
theory presented can be generalized to describe the dy-
namics (in the adiabatic limit) across a first order phase
transition of other inhomogeneous systems. By compar-

ing theoretical and experimental results we have been
able to determine the relevant parameters characterizing
the VO2 films and the thermal conductivity of the in-
terface and attribute the large difference in the recovery
time scale between VO2/TiO2 and VO2/Al2O3 films to a
large difference in the thermal conductivity of the inter-
face. These results might be important for technological
application of VO2 based on its ability to change phase
at temperatures close to room temperature.
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get, and J. Kieffer, Physical Review Letters 87, 237401
(2001).

6 A. Cavalleri, T. Dekorsy, H. Chong, J. Kieffer, and
R. Schoenlein, Physical Review B 70, 3 (2004).

7 A. Cavalleri, M. Rini, H. Chong, S. Fourmaux, T. Glover,
P. Heimann, J. Kieffer, and R. Schoenlein, Physical Review
Letters 95, 067405 (2005).

8 H.-T. Kim, Y.-W. Lee, B.-J. Kim, B.-G. Chae, S. J. Yun,
K.-Y. Kang, K.-J. Han, K.-J. Yee, and Y.-S. Lim, Physical
Review Letters 97, 4 (2006).

9 M. Nakajima, N. Takubo, Z. Hiroi, Y. Ueda, and T. Sue-
moto, Journal of Luminescence 129, 1802 (2009).

10 T. L. Cocker, L. V. Titova, S. Fourmaux, H. C. Bandulet,
D. Brassard, J. C. Kieffer, M. A. El Khakani, and F. A.
Hegmann, Applied Physics Letters 97, 221905 (2010).

11 A. Zylbersztejn and N. F. Mott, Phys. Rev. B 11, 4383
(1975).

12 D. Paquet and P. Leroux-Hugon, Phys. Rev. B 22, 5284
(1980).

13 G. Stefanovich, A. Pergament, and D. Stefanovich, Journal
of Physics: Condensed Matter 12, 8837 (2000).

14 M. M. Qazilbash, M. Brehm, B. G. Chae, P. C. Ho, G. O.
Andreev, B. J. Kim, S. J. Yun, A. V. Balatsky, M. B.
Maple, F. Keilmann, et al., Science 318, 1750 (2007).

15 E. Radue, L. Wang, S. Kittiwatanakul, J. Lu, S. A. Wolf,
E. Rossi, R. A. Lukaszew, and I. Novikova, Journal of Op-
tics 17, 025503 (2015).

16 T. L. Cocker, L. V. Titova, S. Fourmaux, G. Holloway, H.-
C. Bandulet, D. Brassard, J.-C. Kieffer, M. A. El Khakani,
and F. A. Hegmann, Physical Review B 85, 155120 (2012).

17 M. F. Becker, A. B. Buckman, R. M. Walser, T. Lpine,
P. Georges, and A. Brun, Applied Physics Letters 65, 1507
(1994).

18 H.-T. Kim, Y. W. Lee, B.-J. Kim, B.-G. Chae, S. J. Yun,
K.-Y. Kang, K.-J. Han, K.-J. Yee, and Y.-S. Lim, Phys.
Rev. Lett. 97, 266401 (2006).

19 M. Rini, Z. Hao, R. W. Schoenlein, C. Giannetti, F. Parmi-
giani, S. Fourmaux, J. C. Kieffer, A. Fujimori, M. Onoda,
S. Wall, et al., Applied Physics Letters 92 (2008).
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