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Picosecond soft x-ray absorption measurement of the photoinduced
insulator-to-metal transition in VO 2
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We directly measure the photoinduced insulator-to-metal transition in VO2 using time-resolved near-edge
x-ray absorption. Picosecond pulses of synchrotron radiation are used to detect the redshift in the vanadiumL3

edge at 516 eV, which is associated with the transient collapse of the low-temperature band gap. We identify
a two-component temporal response, corresponding to an ultrafast transformation over a 50 nm surface layer,
followed by 40 m/s thermal growth of the metallic phase into the bulk.
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The study of photoinduced phase transitions in stron
correlated systems1,2 with time-resolved spectroscopy is a
important research direction in condensed matter phys
Impulsive optical excitation of the system can lead to form
tion of the product phase along nonequilibrium, possibly
brationally coherent, physical pathways. Probing the tr
sient behavior of the system as it is undergoing its ph
change provides insight into the underlying, microsco
physics, which is sometimes hidden in time-integrated m
surements. However, the amount of quantitative informat
that can be extracted from measurements at visible wa
lengths is limited, motivating interest in short-pulse x-r
spectroscopy. To date, scientific applications of ultrafas
rays have concentrated primarily on time-resolved diffract
measurements. This has been driven in part by developm
in tabletop plasma sources,3,4 early laser–e-beam interaction
schemes,5,6 fast x-ray detectors,7 and synchrotron
instrumentation.8 Direct detection of photoexcited cohere
acoustic9–11 and optical12 phonons, solid-liquid13–15 and
solid-solid16,17 phase transitions has been recently dem
strated.

X-ray absorption spectroscopy techniques are impor
complements to diffraction, particularly for systems whe
large changes in the electronic and magnetic structure
concomitant with atomic-structural rearrangements. In
strongly correlated transition metal oxides, there is import
interplay between electronic and atomic structure that can
elucidated by time-resolved near-edge x-ray absorp
spectroscopy.18 Near-edge measurements probe unoccup
valence states by measuring transitions from core lev
rather than from extended occupied valence states as in
ible spectroscopy. Element specificity, symmetry select
rules, and linear or circular dichroic effects are some of
most powerful aspects of this technique. To date, due to
stringent tunability requirements on the source, tim
resolved spectroscopy with soft x rays has been dem
strated only on the picosecond time scale for melting
semiconductors19 and for selected cases of gas20 and liquid
phase21 photochemistry.

Here, we report on ultrafast soft x-ray absorption me
0163-1829/2004/69~15!/153106~4!/$22.50 69 1531
y

s.
-
-
-
e

c
a-
n
e-

x
n
nts

-

nt

re
e
t
e
n
d

ls,
is-
n
e
e
-
n-
f

-

surements of the insulator-to-metal transition in photoexci
VO2. This nonmagnetic compound undergoes a transit
between a monoclinic insulator and a rutile metal wh
heated above 340 K. The nature of the insulating grou
state is quite controversial and is attributed to a delicate
ance between electron-electron correlations~characteristic of
Mott-Hubbard insulators! and long-range structural symme
try ~characteristic of band insulators!.22,23 Ultrafast optical24

and x-ray diffraction16 experiments on the photoinduce
transition in VO2 show that changes in both atomic and ele
tronic structure occur on the subpicosecond time sc
where their detailed relationship is yet to be fully unde
stood. Thus, ultrafast spectroscopy tools for the direct m
surement of electronic structure are necessary. The spe
region of interest is around 500 eV, encompassing the va
dium L edges and the oxygenK edge. This spectral range i
poorly covered by high-order harmonics or plasma sourc
The present work demonstrates measurements of
insulator-to-metal transition with 70 ps resolution using tu
able pulses of synchrotron radiation, an important step
ward future experiments on the femtosecond time scale.25

First, we characterized the ultrafast response of VO2 by
means of femtosecond optical measurements, which
briefly summarize here as supporting evidence for the tim
resolved x-ray experiments. Thin films of vanadium dioxi
on Si~111! wafers, with a 200610 nm silicon nitride buffer
layer were used for the experiments. The transport prope
of the films evidenced a thermally induced metal-insula
transition around 340 K, characteristic of VO2. Resistivity
changes of two orders of magnitude were observed. Pow
x-ray diffraction exhibited dominant peaks from the VO2 lat-
tice spacing. Weaker and broader peaks correspondin
V2O5 were also found, indicative of a sample composed
approximately 70% VO2 and 30% V2O5, with microcrystal-
lites of different size distributions.

The optical reflectivity response of 50- and 200-nm-thi
films is reported in Fig. 1. The experiments were perform
in pump-probe geometry at near-normal incidence, using
fs laser pulses at the fundamental wavelength of Ti:sapp
©2004 The American Physical Society06-1
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~790 nm!. A lock-in amplifier was used to measure chang
in the VO2 optical properties with high accuracy. The pum
spot was significantly larger than the probe, ensuring hom
geneous excitation in the interrogated area. Pump and p
polarizations were crossed to minimize coherence artifa
near time zero. The reported changes in the optical reflec
ity were measured at a photoexcitation fluence of 50 mJ/c2,
i.e., well in excess of the 10 mJ/cm2 threshold for the photo-
induced insulator-to-metal transition. In the fluence regi
between 25 and 80 mJ/cm2 ~damage threshold!, the optical
response was observed to saturate and did not vary with
ence. Because V2O5 does not exhibit a phase transition a
does not absorb laser light at 1.5 eV, photoinduced chan
reported here relate only to polycrystalline VO2 with inert
inclusions.

At early times, a subpicosecond decrease in the reflec
ity is observed in both films, consistent with a transformat
between the optical properties of the low-T (n52.9, k
50.5) and those of the high-T phase (n52.3, k50.72). In
the 50 nm films, significantly thinner than the 120 nm pe
etration depth of the excitation or probing light, no dynam
on the picosecond time scale is observed, indicative o
prompt transformation of the whole film. The reflectivity o
the metallic state is preserved for tens of nanoseconds, d
thermalization of the system in the high-T phase and slow
return to the low-T semiconductor via heat diffusion an
nucleation. The thicker, 200 nm film shows a two-step
sponse toward the long-lived metallic phase. After the ini
35% drop, a slower 10% decrease of the reflectivity with 3
time constant is observed. The evolution of the reflectivity
the picosecond time scale is likely related to dynamics in
regions of the film immediately beneath the promptly tra

FIG. 1. Time-resolved change in the reflectivity of nonetch
50 and 200 nm VO2 films, grown on a silicon substrate with a 20
nm Si3N4 buffer layer. The optical response indicates a subpicos
ond transition in the optical properties of the VO2 film. A slower
response occurring at longer time delays is related to energy
malization and transformation of layers beneath the surface.
continuous curves are a biexponential fit to the data. The resp
of the 50 nm film could be fitted with a single exponential with a
fs time constant, whereas that of the 200 nm film yielded two ti
constants of 100 fs and 2.9 ps.
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formed surface volume. However, due to the complica
interplay between excitation, thermalization, and coher
acoustic response with depth-dependent excitation, a qu
tative interpretation is difficult. Based on the 45% drop
reflectivity, the transformed thickness at 5–10 ps time de
can be estimated by calculating the expected optical resp
of a four-layer structure, composed of a metallic surfa
layer of thicknessDx, a nontransformed semiconductin
layer of thickness (200 nm2Dx), a 200 nm Si3N4 buffer
layer, and a semi-infinite bulk silicon substrate. This analy
shows that in the 200 nm film the formation of the metal
phase occurs over a thicknessDx of approximately 70 nm or
higher. However, due to the limited penetration depth of
probe light~120 and 90 nm for the semiconducting and m
tallic phases, respectively!, and to thin-film effects, it is not
possible to assign the thicknessDx uniquely. Furthermore,
this value is affected by the exact thickness of the Si3N4
buffer layer, which we know within 10%. Thus, the optic
measurements on the 200 nm film indicate only the prom
formation of the metallic phase over a thicknessDx, for
which we can assess a lower limit of approximately 70 n
At later times, we expect the nontransformed volume in
region beneath the sample to reach temperatures equal
in excess of the transition temperature~340 K! and to be
transformed thermally via nucleation and growth. The spe
of such thermal transformation is expected to be significan
lower than for the photoinduced phase change, i.e., at gro
velocities of the order of tens to hundreds m/s, depending
the degree of superheating of the interface. No informat
on this slower process can be retrieved based on the op
reflectivity data.

Static x-ray absorption spectroscopy~XAS! experiments
were performed at beamline 6.3.2 of the Advanced Lig
Source~ALS!. The absorption spectrum around the van
dium L3,2 edges and the oxygenK edge was measured for th
two phases with 100 meV resolution@Fig. 2~a!, continuous
curve#. These measurements were performed in transmis
geometry through free-standing Si3N4 /VO2 windows, cre-
ated by removing the silicon substrate with a combination
room-temperature etching using CP4A~acetic acid, HF, and
HNO3 in a 3:3:5 ratio! and KOH at 80 °C. Wax-based pro
tective masks were deposited onto the substrate, while
VO2 front layer was waxed to a sapphire plate, protecting
from the etchant. The transmission spectra are shown in
2 for two temperatures above and below the 20-K-wide h
teresis cycle, centered aroundTc5340 K.

Previous XAS measurements on single-crystal VO2, re-
ported by Abbateet al.,26 evidenced qualitatively similar
changes at both vanadium 2p and oxygen 1s edges due to
the metal-insulator transition. However, the relative weig
of thep* ands* resonances near the O 1s absorption edge
appears different in the films used here when compared w
that measured in single crystals by Abbateet al. This is re-
lated to the polarized nature of the x rays and the use
polycrystalline samples in the experiments reported here
particular, anisotropic absorption is expected in single cr
tals, due to transitions between O 1s states and directiona
s* and p* orbitals. This effect is averaged in our expe
ments. XAS measurements on commercially availab
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99.9% pure VO2 powders @reported in Fig. 2~a!, dashed
curve# were performed at beamline 9.3.2 of the ALS wi
similar resolving power as those performed in transmiss
They show very good agreement with the transmission m
surements on our films.

Time-resolved XAS was used to measure the dynamic
the insulator-to-metal transition at the vanadiumL3 edge.
The experiments were performed using bend magnet ra
tion at beamline 5.3.1 of the ALS. The storage ring was fil
in a ‘‘camshaft’’ pattern consisting of 278 electron bunches
2 ns intervals, followed by a 100-ns-long dark windo
which contained a single, isolated bunch at the center of
window. 70-ps-long x-ray pulses were radiated by a be
magnet and focused onto the VO2 sample using a toroidally
bent silicon mirror, which imaged thee beam in the storage
ring into the x-ray hutch. A mechanical chopper operating
1 kHz was used to eliminate approximately 96% of the x-
flux. A fraction of the isolated camshaft pulses, radiated o
every 656 ns~round trip time of the storage ring!, were used
for our experiments at 1 kHz repetition rate. A flat-field im
aging spectrometer was used to disperse the transmitted
x rays after the sample, generating spectra in the range
tween 100 and 800 eV, with a resolution of approximatel
eV at 500 eV. The spectra were detected using either a g
microchannel plate–phosphor–charge-coupled device
sembly or using an avalanche photodiode in the image p
for single wavelength detection. The excitation laser w
synchronized to the storage ring within better than 2 ps.

Time-resolved, differential XAS measurements were p

FIG. 2. Static, VO2 x-ray absorption spectra in the regio
around the V,L2,3 and the OK edge.~a! Continuous curve: Trans
mission XAS spectra from free-standing, 200 nm VO2/200 nm
Si3N4 structures. Dashed curve: Spectra taken on commercial2

powder. The resolution is 100 meV.~b!, ~c! Spectral changes at th
V L edge and the OK edge observed above 340 K.
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formed by delaying the laser with respect to the x-ray pro
pulse over a 1 nstime interval. An x-ray pulse transmitte
through the unperturbed sample 656 ns before the pu
pulse was used as reference. The data at the vanadiumL3
edge show the expected decrease in the transmission o
sample, due to the collapse of the band gap. It is importan
point out that because of selection rules theL3 edge shift is
sensitive primarily to the dynamics of the unoccupied orb
als ofd symmetry, in contrast with measurements perform
at visible wavelengths, which measure the joint density
states and are less sensitive to symmetry, due to band mix
The time-resolved data in Fig. 3 are fitted~solid line! with a
fast response corresponding toDT/T51%, followed by a
slower decrease at a rate of approximately 1%/ns. The cr
correlation measurement shown in the figure was obtai
by mixing visible pulses of synchrotron radiation with th
100 fs pump-laser pulses in a nonlinear optical crysta
procedure that allows for monitoring of laser–x-ray synch
nization and duration of synchrotron pulses while acquir
the data. In the static temperature-dependent XAS exp
ments of Fig. 2, an 8% maximum transmission drop is o
served for 100 meV resolution and 200 nm transform
thickness, which corresponds to approximately 5% for 4
spectral resolution in the time-resolved experiments. Si
the thickness of the transformed layer scales linearly with
signal, we conclude that a fast transformation over appro
mately the first 50 nm occurs within the x-ray probe puls
followed by slower thermal growth at 40 m/s. The 50 n
transformation depth extracted from the x-ray data is con
tent with the 70 nm depth estimated from the optical dat

In summary, we report picosecond, soft x-ray absorpt
measurements of a photoinduced insulator-to-metal tra
tion in a strongly correlated compound. The shift of the v
nadium L3 edge, associated with the collapse of the ba
gap, is observed directly and is shown to evolve on t
different time scales. The prompt component is attributed

FIG. 3. Time-resolved transmission changes at the vanadiumL3

edge. The data are fitted with a two-time-scale model, obtained
convolving a rapid and a slow response with the duration of the
ps x-ray pulse, as measured by cross correlation of the laser
the visible part of the synchrotron radiation spectrum.
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the direct photoinduced insulator-to-metal transition ove
sample thickness determined by the absorption depth of
excitation pulse. The slower component originates from th
mal growth of the metallic phase over the entire sam
thickness at 40 m/s. Because of the reversibility of the
periment and the relatively large size of the effect, this
periment will nucleate future investigations using femtos
ond pulses of synchrotron radiation from laser-modula
electron bunches. Foreseeable improvements in the avai
x-ray flux and spectral resolution of the experimental ap
ratus will also allow for energy-resolved spectroscopic m
surements on the femtosecond time scale. These experim
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