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Picosecond soft x-ray absorption measurement of the photoinduced
insulator-to-metal transition in VO ,
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We directly measure the photoinduced insulator-to-metal transition ip ¥Ihg time-resolved near-edge
x-ray absorption. Picosecond pulses of synchrotron radiation are used to detect the redshift in the viapadium
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 stronglysurements of the insulator-to-metal transition in photoexcited
correlated systemg with time-resolved spectroscopy is an VO,. This nonmagnetic compound undergoes a transition
important research direction in condensed matter physicgetween a monoclinic insulator and a rutile metal when
Impulsive optical excitation of the system can lead to forma-eated above 340 K. The nature of the insulating ground
tion of the product phase along nonequilibrium, possibly Vi-state is quite controversial and is attributed to a delicate bal-
brationally coherent, physical pathways. Probing the tranance between electron-electron correlatitisracteristic of
sient behavior of the system as it is undergoing its phasgott-Hubbard insulatonsand long-range structural symme-
change provides insight into the underlying, microscopiCyy (characteristic of band insulator@2 Ultrafast opticat*
physics, which is sometimes hidden in time-integrated meay 4 x-ray diffractio®® experiments on the photoinduced

surements. However, the amount of quantitative .in.formatiorlransition in VG, show that changes in both atomic and elec-
that can be extracted from measurements at visible WavE: o structure occur on the subpicosecond time scale,

lengths is limited, motivating interest in short-pulse x-ray . . : L

spectroscopy. To date, scientific applications of ultrafast vaihe;e 1t_r;]e|r d?ttfllfedtrelatlct)Pshlp |stye|t t? rbteh fucl:?; u?‘:ﬁr' i

rays have concentrated primarily on time-resolved diffractior> 00¢- ' NuUS, ultratast SPectroscopy too's for the direct mea
rement of electronic structure are necessary. The spectral

measurements. This has been driven in part by developmen?él

in tabletop plasma sourcé4 early lasere-beam interaction €9ion of interest is around 500 eV, encompassing the vana-
scheme&® fast x-ray detector, and synchrotron dium L edges and th_e oxygef edge. T_hls spectral range is
instrumentatiorf. Direct detection of photoexcited coherent POOrly covered by high-order harmonics or plasma sources.
acousti@** and optical?> phonons, solid-liquitf—*° and The present work demonstrates measurements of the
solid-solid®!” phase transitions has been recently demoninsulator-to-metal transition with 70 ps resolution using tun-
strated. able pulses of synchrotron radiation, an important step to-
X-ray absorption spectroscopy techniques are importaritvard future experiments on the femtosecond time Scale.
complements to diffraction, particularly for systems where First, we characterized the ultrafast response of, 69
large changes in the electronic and magnetic structure af@eans of femtosecond optical measurements, which we
concomitant with atomic-structural rearrangements. In thdriefly summarize here as supporting evidence for the time-
strongly correlated transition metal oxides, there is importantesolved x-ray experiments. Thin films of vanadium dioxide
interplay between electronic and atomic structure that can ben Si111) wafers, with a 208 10 nm silicon nitride buffer
elucidated by time-resolved near-edge x-ray absorptiofayer were used for the experiments. The transport properties
spectroscopy’ Near-edge measurements probe unoccupie®f the films evidenced a thermally induced metal-insulator
valence states by measuring transitions from core leveldransition around 340 K, characteristic of YOResistivity
rather than from extended occupied valence states as in vishanges of two orders of magnitude were observed. Powder
ible spectroscopy. Element specificity, symmetry selectiorx-ray diffraction exhibited dominant peaks from the yat-
rules, and linear or circular dichroic effects are some of thdice spacing. Weaker and broader peaks corresponding to
most powerful aspects of this technique. To date, due to th¥,0s were also found, indicative of a sample composed of
stringent tunability requirements on the source, time-approximately 70% V@and 30% \,Os, with microcrystal-
resolved spectroscopy with soft x rays has been demorlites of different size distributions.
strated only on the picosecond time scale for melting of The optical reflectivity response of 50- and 200-nm-thick
semiconductor$ and for selected cases of §aand liquid  films is reported in Fig. 1. The experiments were performed
phasé! photochemistry. in pump-probe geometry at near-normal incidence, using 100
Here, we report on ultrafast soft x-ray absorption meads laser pulses at the fundamental wavelength of Ti:sapphire

0163-1829/2004/695)/1531064)/$22.50 69 153106-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B59, 153106 (2004

formed surface volume. However, due to the complicated
interplay between excitation, thermalization, and coherent
0.00 . acoustic response with depth-dependent excitation, a quanti-
tative interpretation is difficult. Based on the 45% drop in
reflectivity, the transformed thickness at 5-10 ps time delay
can be estimated by calculating the expected optical response
of a four-layer structure, composed of a metallic surface
layer of thicknessAx, a nontransformed semiconducting
layer of thickness (200 nmAx), a 200 nm SjN, buffer
layer, and a semi-infinite bulk silicon substrate. This analysis
shows that in the 200 nm film the formation of the metallic
phase occurs over a thicknesg of approximately 70 nm or
higher. However, due to the limited penetration depth of the
probe light(120 and 90 nm for the semiconducting and me-
tallic phases, respectivelyand to thin-film effects, it is not
Delay (ps) possible to assign the thicknedx uniquely. Furthermore,
] ) o this value is affected by the exact thickness of theNSi
FIG. 1. Time-resolved change in the reflectivity of nonetched, \ffer layer, which we know within 10%. Thus, the optical
50 and 200 nm V@films, grown on a silicon substrate with a 200 measurements on the 200 nm film indicate only the prompt
nm SiN, buffer layer. The optical response indicates aSUDpicosecformation of the metallic phase over a thickness, for

ond transition n the opical properties of Fhe Y@m. A slower which we can assess a lower limit of approximately 70 nm.
response occurring at longer time delays is related to energy the'ro-\t later times, we expect the nontransformed volume in the

malization and transformation of layers beneath the surface. The . b th th let ht i 't
continuous curves are a biexponential fit to the data. The responsr,gg'on enea € Ssample 1o reach temperafures equal to or

of the 50 nm film could be fitted with a single exponential with a 90 in excess of the transition temperatu@0 K) and to be

fs time constant, whereas that of the 200 nm film yielded two timet@nsformed thermally via nucleation and growth. The speed
constants of 100 fs and 2.9 ps. of such thermal transformation is expected to be significantly

lower than for the photoinduced phase change, i.e., at growth

(790 nm. A lock-in amplifier was used to measure changesvelocities of the order of tens to hundreds m/s, depending on
in the VO, optical properties with high accuracy. The pump the degree of superheating of the interface. No information
spot was significantly larger than the probe, ensuring homoon this slower process can be retrieved based on the optical
geneous excitation in the interrogated area. Pump and proliéflectivity data.
polarizations were crossed to minimize coherence artifacts Static x-ray absorption spectroscopy¥AS) experiments
near time zero. The reported changes in the optical reflectiwere performed at beamline 6.3.2 of the Advanced Light
ity were measured at a photoexcitation fluence of 50 m?l/cm Source (ALS). The absorption spectrum around the vana-
i.e., well in excess of the 10 mJ/érthreshold for the photo- diumL;,edges and the oxygétiedge was measured for the
induced insulator-to-metal transition. In the fluence regimgwo phases with 100 meV resoluti¢fig. 2@, continuous
between 25 and 80 mJ/énddamage thresholdthe optical ~ curvel. These measurements were performed in transmission
response was observed to saturate and did not vary with flgeometry through free-standing;B8i,/VO, windows, cre-
ence. Because XDs does not exhibit a phase transition and ated by removing the silicon substrate with a combination of
does not absorb laser light at 1.5 eV, photoinduced changggom-temperature etching using CP4dcetic acid, HF, and
reported here relate only to polycrystalline Y@ith inert ~ HNO; in a 3:3:5 ratig and KOH at 80 °C. Wax-based pro-
inclusions. tective masks were deposited onto the substrate, while the

At early times, a subpicosecond decrease in the reflectiyO, front layer was waxed to a sapphire plate, protecting it
ity is observed in both films, consistent with a transformationfrom the etchant. The transmission spectra are shown in Fig.
between the optical properties of the law{n=2.9, k 2 for two temperatures above and below the 20-K-wide hys-
=0.5) and those of the high-phase 1=2.3, k=0.72). In  teresis cycle, centered aroufig=340 K.
the 50 nm films, significantly thinner than the 120 nm pen- Previous XAS measurements on single-crystal,y@e-
etration depth of the excitation or probing light, no dynamicsported by Abbateet al,”® evidenced qualitatively similar
on the picosecond time scale is observed, indicative of ghanges at both vanadiunp2and oxygen % edges due to
prompt transformation of the whole film. The reflectivity of the metal-insulator transition. However, the relative weight
the metallic state is preserved for tens of nanoseconds, due @ the 7* andc™* resonances near the G absorption edge
thermalization of the system in the highphase and slow appears different in the films used here when compared with
return to the lowT semiconductor via heat diffusion and that measured in single crystals by Abbateal. This is re-
nucleation. The thicker, 200 nm film shows a two-step redated to the polarized nature of the x rays and the use of
sponse toward the long-lived metallic phase. After the initialpolycrystalline samples in the experiments reported here. In
35% drop, a slower 10% decrease of the reflectivity with 3 pgarticular, anisotropic absorption is expected in single crys-
time constant is observed. The evolution of the reflectivity ontals, due to transitions between G $tates and directional
the picosecond time scale is likely related to dynamics in ther* and =* orbitals. This effect is averaged in our experi-
regions of the film immediately beneath the promptly trans-ments. XAS measurements on commercially available,

50 nm film
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£ FIG. 3. Time-resolved transmission changes at the vanatiym
s 0.005 edge. The data are fitted with a two-time-scale model, obtained by
0.00 ’ convolving a rapid and a slow response with the duration of the 70

51 4- 516 530 532 534 ps x-ray pulse, as measured by cross correlation of the laser with
Energy (eV) Energy (eV) the visible part of the synchrotron radiation spectrum.

FIG. 2. Static, VQ x-ray absorption spectra in the region formed by delaying the laser with respect to the x-ray probe
around the VL, ; and the OK edge.(a) Continuous curve: Trans- pulse ove a 1 nstime interval. An x-ray pulse transmitted
mission XAS spectra from free-standing, 200 nm ¥ZD0 nm  through the unperturbed sample 656 ns before the pump
SizN, structures. Dashed curve: Spectra taken on commercial VOpulse was used as reference. The data at the vanadium
powder. The resolution is 100 mel), (c) Spectral changes at the edge show the expected decrease in the transmission of the
V L edge and the & edge observed above 340 K. sample, due to the collapse of the band gap. It is important to

point out that because of selection rules theedge shift is
99.9% pure V@ powders[reported in Fig. £a), dashed sensitive primarily to the dynamics of the unoccupied orbit-
curvel were performed at beamline 9.3.2 of the ALS with als ofd symmetry, in contrast with measurements performed
similar resolving power as those performed in transmissionat visible wavelengths, which measure the joint density of
They show very good agreement with the transmission meastates and are less sensitive to symmetry, due to band mixing.
surements on our films. The time-resolved data in Fig. 3 are fittézblid line) with a

Time-resolved XAS was used to measure the dynamics ofast response corresponding 40T/ T=1%, followed by a
the insulator-to-metal transition at the vanadilmg edge. slower decrease at a rate of approximately 1%/ns. The cross-
The experiments were performed using bend magnet radiaorrelation measurement shown in the figure was obtained
tion at beamline 5.3.1 of the ALS. The storage ring was filledby mixing visible pulses of synchrotron radiation with the
in a “camshatft” pattern consisting of 278 electron bunches atl00 fs pump-laser pulses in a nonlinear optical crystal, a
2 ns intervals, followed by a 100-ns-long dark window procedure that allows for monitoring of laser—x-ray synchro-
which contained a single, isolated bunch at the center of thaization and duration of synchrotron pulses while acquiring
window. 70-ps-long x-ray pulses were radiated by a bendhe data. In the static temperature-dependent XAS experi-
magnet and focused onto the Y®ample using a toroidally ments of Fig. 2, an 8% maximum transmission drop is ob-
bent silicon mirror, which imaged thebeam in the storage served for 100 meV resolution and 200 nm transformed
ring into the x-ray hutch. A mechanical chopper operating athickness, which corresponds to approximately 5% for 4 eV
1 kHz was used to eliminate approximately 96% of the x-rayspectral resolution in the time-resolved experiments. Since
flux. A fraction of the isolated camshaft pulses, radiated oncé¢he thickness of the transformed layer scales linearly with the
every 656 nground trip time of the storage ringwere used signal, we conclude that a fast transformation over approxi-
for our experiments at 1 kHz repetition rate. A flat-field im- mately the first 50 nm occurs within the x-ray probe pulse,
aging spectrometer was used to disperse the transmitted sdfilowed by slower thermal growth at 40 m/s. The 50 nm
X rays after the sample, generating spectra in the range b&ansformation depth extracted from the x-ray data is consis-
tween 100 and 800 eV, with a resolution of approximately 4tent with the 70 nm depth estimated from the optical data.
eV at 500 eV. The spectra were detected using either a gated In summary, we report picosecond, soft x-ray absorption
microchannel plate—phosphor—charge-coupled device asaeasurements of a photoinduced insulator-to-metal transi-
sembly or using an avalanche photodiode in the image plan&on in a strongly correlated compound. The shift of the va-
for single wavelength detection. The excitation laser washadiumL; edge, associated with the collapse of the band
synchronized to the storage ring within better than 2 ps. gap, is observed directly and is shown to evolve on two

Time-resolved, differential XAS measurements were perdifferent time scales. The prompt component is attributed to
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the direct photoinduced insulator-to-metal transition over awill provide additional information, especially by probing
sample thickness determined by the absorption depth of thihe fundamental transition times at both \p 2and O Is
excitation pulse. The slower component originates from theredges, where the electronic structure may exhibit distinct dy-
mal growth of the metallic phase over the entire samplehamics.

thickness at 40 m/s. Because of the reversibility of the ex- .
periment and the relatively large size of the effect, this ex- Ve are grateful to Q. Xu, G. Haller, and J. Ager for their
periment will nucleate future investigations using femtosechelp in processing the VLfilms. Help from N. Tamura for
ond pu|ses of Synchrotron radiation from |aser-modu|atedhe microdiffraction characterization is also acknowledged.
electron bunches. Foreseeable improvements in the availabldlis work was supported by the Director, Office of Science,
x-ray flux and spectral resolution of the experimental appaOffice of Basic Energy Sciences, Division of Materials Sci-
ratus will also allow for energy-resolved spectroscopic meaences, of the U.S. Department of Energy under Contract No.
surements on the femtosecond time scale. These experimeri&-AC03-76SF00098.
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