HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 22 29 NOVEMBER 2004

Optical nonlinearities in VO , nanoparticles and thin films
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Z-scan and pump-probe measurements with ultrafast, 800 nm laser pulses were used to compare the
ultrafast optical nonlinearities of V{Qnanoparticles and thin films in both semiconducting and
metallic states. In the metallic state, both the nanocrystals and thin films exhibit a positive,
intensity-dependent nonlinear index of refraction. However, the nonlinear effects are relatively
larger in the VQ nanocrystals, which also reveal a saturable nonlinear absorption. When the
semiconductor-to-metal phase transition is induced by the laser pulsg thitOfilms exhibit a
negative equivalent nonlinear index of refraction while the nanocrystals exhibit a smaller but still
positive index. Both the V@ nanocrystals and thin films undergo the phase transition within

120 fs. ©2004 American Institute of PhysidDOIl: 10.1063/1.1826232

Nonlinear materials in which light can be controlled on phase is formed in both film and nanocrystalline samples;
ultrafast time scales by optical means are critical to the dehowever, the magnitude of the change in transmission is
velopment of all-optical photonic devicédn VO,, abrupt larger in the film since it contains five times more Y0y
changes in electronic properties occur via a solid-solid phasmass than the nanocrystalline compoéite VO, nanopar-
transitiorf (PT), and are thus of particular interest. Above theticles exhibit a significantly wider hysteresis than the thin-
critical PT temperature].~67 °C, VO, has a rutile struc- film sample due to size effects.
ture and metallic properties; beloW. VO, becomes a In most nonlinear materials, the complex refractive in-
monoclinic semiconductdmwith 10* higher electrical resis- dex n=ny+ia,/2k, wheren, is the refractive indexg, the
tance. This PT is accompanied by discontinuities in the, VO absorption coefficient anklthe modulus of the wave vector,
optical characteristics that recommend this material for fastindergo pump-induced changes of the forkm,=~* | and
optical switching and related applicatio(eg., ultrafast op- Aa,=8* |, wherel is the light intensity. While this situation
tical limiters). Cavalleriet al.? using time-resolved light and is typical of most third order nonlinear materials and cer-
x-ray diffraction, have demonstrated that the transition oc+ainly for VO, in the metallic state, a fundamentally different
curs in less than 500 fs in Vihin films. situation is observed for V&xhat is initially in the semicon-

In this letter we use th&-scan techniguiewith ultrafast ducting state since the absorbed laser light can induce the
laser pulses to compare the absorptive and refractive nonlireonversion from semiconductor to metal.
earities in VQ nanoparticles and thin films above and below It is crucial to recognize that this light-induced phase
T.. The nonlinear responses of the nanoparticle and thin-filmransition is neither a two-photon process nor a typical third
forms of VO, were correlated with the properties of the order nonlinearity. The effect in this case, because of the
semiconducting and metallic phases. The nanostructuregiistence of the PT threshold, is more step-like than propor-
VO, exhibits a substantial increase in the effective nonlineational and is a function of the fluence rather than the inten-
absorption and refraction per unit volume compared to the
thin film, while both show essentially identical ultrafast re-

sponse. 0.91

Thin films of VO, were grown on silica substrates held 0.8 R N
at 550 °C by pulsed laser deposition from a 99.95% pure VO, Nanocrystals
vanadium metal target in an oxygen pressure of 11 mTorr. 071 AORINGE
The KrF ablation lasefA =248 nm)was set to a fluence of §0_6 T
4 mJ/cnt at 25 Hz. VQ nanoparticles were fabricated by 2 Qi Bl %
implantind vanadium and oxygen ions in stoichiometric ra- §o.s \
tio at equal depths in a 200-nm-thick surface layer of a,SiO "_E 0.4 - \
substrate. Annealing1000 °Q in an argon atmosphere in- \
duced the precipitation 0f50 nm VO, nanorods. 0.3 4

Figure 1 illustrates the linear optical transmittance\ at 0.2 e
=800 nm for both VQ nanoparticles and a 210-nm-thick 10 20 30 40 50 60 70 80 90 100 110
VO, film undergoing the PT. The VOPT manifests itself by Temperature (°c)

a marked decrease in optical transmission when the metallic

FIG. 1. Linear optical transmittance at=800 nm of a nanocrystalline

VO,/SiO, composite and a standard Y@hin film cycled through their

@author to whom correspondence should be addressed; electronic maiphase transition. The inset shows an electron transmission micrograph of the
rene.lopez@vanderbilt.edu nanocrystalline sample.
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response produces similar lookiagscan profiles to those of
trug intensity proportiopal non“nearitifs' I.n VieW,,Of this. ex- FIG. 3. Z-scan traces for V@thin film and VO,/SiO, nanocomposite
perimental fact, we will usey and g “equivalent” coeffi- samples. Panel&@) and (b) show nanocrystalline sample measurements at
cients as other researchers have done in similar situdi®ns 22 and 100 °C, respectively. Panety and (d) present the results for the
in dealing with nonlinearities arising from phase transitions,210-nm-thick VQ film.
in order to quantify the effects.

Figure 2 shows how this nonlinearity develops in a stan- o o
dard open-apertur@-scan procedure for a ViOthin film. pgrhcles in silica, \{vhere the incident flux saturates the tran-
Regeneratively amplified  Ti:sapphire laser  pulsesSitions anq bleaching can occdrThe closed/open—apertu_re
(120 fs, 1 kHz ,A=800 nm) were focused using a 10 cm ratios in Figs. 3(b_}and 3(d)were used to extract the metall_lc-
lens to a waist diameter of 56m. The total energy of the phase nonllnearolgg:ex of refraction for both sampleoso, c)éleld-
transmitted beam was measured in the far field as a functiolfd Values of %20 °=3.1£0.3x 1072 c?/W and Vo _
of sample position along the beam aiis Near the beam = 7-5+0.5<10°** cn?/W. Although the magnitude of is
waist (Z=0), a large transmission decrease is observed, sigarger for the V@ film, the nonlinear index of the nanocom-
naling the PT onset in the area irradiated by the central paROSite is twice that of the film per unit volume of OThis
of the beam. Open apertufescans at several energy densi- IS Probably because the optical properties of the,Vi@no-
ties were then normalized to obtain absolute transmittancBarticles in the metallic phase are enhanced by the dielectric

values far from the waist region in order to determine theconfinement effect of the Siomatrix." _
equivalent coefficieni3?2 "°=270+30 cm/GW. The PT in-  The nonlinearities are more complex in the semiconduct-
duced in this way follows a nonthermal patbpt the energy  iNg phase at room temperature due to the laser-stimulated
absorbed is thermalized on the nanosecond time scale witfaduction of the PT as th&-scan fluence reaches the PT
out overall temperature increase above 22 °C. No transmighreshold. Nevertheless, as explained abeggiivalentnon-

sion change was detected at a fluence~& mJ/cnd, thus  linear coefficients can be obtained. Figurgg)3and 3(c)
establishing the PT fluence threshold. Using the same prot@how theZ-scan results for the VOnanoparticles and thin

col, sample damage was observed at fluences aboVém, respectively, atT=22 °C. In the open-aperture mea-
45 mJ/cr. surement, the nanocrystal sample shows, as the thin-film

A constant energy of-160 nJ/pulsg~8 mJ/cnt at Z case, a decrease in transmittance near the waist of the beam

=0) was used in theZ-scan configuration with open and as a result of the PT—corresponding to an equivalent non-
closed apertures to measupeand 3 for both the thin-film  linear absorption coefficienia,e=32+3 cm/GW. It is im-

and nanoparticle samples at 22 and 100(f.€., above and portant to note that this parameter has changed from a nega-
below the PT). Figures 3(l§nd 3(d)show thez-scan results tive to a positive value as compared with the high-
for VO, nanoparticles and thin films, respectively, at 100 ° C.temperature phase. The change in sign arises becauge VO
In the metallic state, a conventional intensity dependent nonRanocrystals become less transparent in the metallic phase
linearity occurs and the coefficients have the standard meamfter undergoing the P{Bee Fig. 1), therefore we can expect
ing from a third order nonlinearity. Hence the word equiva-less transmittance when the nanocomposite material in the
lent is not used in this case. In the open-aperturecentral portion of the beam spot is illuminated with fluences
measurements, no change was observed in the absorption afove the threshold as is the case near the focus.

the film, thereby setting an upper limit of An additional reversal of sign, as compared to the me-
|Bi0°9<1 cm/GW. In contrast, the nanoparticles in thetallic state, occurs in the nonlinear index of the ¥ @in
metallic state exhibited a negative nonlinear absorption cofilm. Here the peak-valley trace of the open/closed-aperture
efficient of B2 'C=-21+2 cm/GW, as is typical of a satu- curve is inverted, corresponding to an equivalegg,©
rable optical nonlinearity. Similar contrasting nonlinearities=—-7.1+0.5< 1072 cm?/W. This equivalent nonlinear index
between bulk materials and nanoparticles are commonly olsf refraction is expected to turn negative with the PT since
served for “true” metal nanocomposites such as gold nanoayei,~ 1.98 is considerably smaller than
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the PT in both the nanoparticles and thin film was measured
in the pump-probe configuration, with a laser pulse resolu-
tion of 120 fs. Figure 4(aghows the results of an ultrafast
measurement made for a ¥@hin film using an 800 nm
pump and probing with a white light continuum. The optical
switching is clearly evident by a pronounced steep drop in
the transmission with a magnitude that increases with in-
creasing wavelength. Figuregcsd and 4(b)show the time
evolution for the thin-film and the nanocrystal samples, re-
spectively, atA=800 nm. For both samples, the drop in
transmission occurs faster than the 120 fs. This time scale
does not clarify whether the system becomes metallic from
the disruption of electronic correlations or from structural
distortions?*® but the ultrafast nature of the WPT is re-
flected in the nonlinear optical properties of the material.
This combination of the femtosecond reversible PT that ex-
1.01 - hibits opposite-sign different origin nonlinearities across the
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