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A VO, film was grown on a sapphif@001) substrate using pulsed laser deposition. The film showed a
first-order metal-insulatogMl) transition and its dc conductivity started to increase drastically near 68 °C and
changed by three orders of magnitude. Mid-infrared transmittance and reflectance spectra of fie \i@re
measured between 20 °C and 90 °C. Using the intensity transfer-matrix method, the frequency-dependent
dielectric constant;(w) and the conductivityo;(w) of the film were obtained between 1600 and 4000
cm~! from the measured transmittance and reflectance spectra. Witkth¢ and o¢(w) spectra, mid-
infrared properties of the VOfilm near the MI transition region were investigated in detail. Above 78 °C,
€:(w)<0 andde; /dw>0, which is a typical metallic behavior. In particulat(w) ando(w) at 88 °C were
analyzed in terms of extended Drude model in which the frequency-dependent scattering rate and the effective
mass could be obtained. The mean free path of charge carriers in the dc limit was estimated to be larger by an
order of magnitude than the previously reported value, i.e., 4 A. Below 74{@)>0 andde;/dw~0,
which is characteristic of an insulator. Interestingdy,in the insulating region increased as the temperature
approached the MI transition temperature. To explain this anomalous behavior, the Ml transition of the VO
film was modeled with coexistence of metallic and insulating domains and their dynamic evolution. Then the
behaviors ofe;(w) and o(w) were explained using the effective medium approximation, which is a mean-
field theory predicting a percolation transition. This work clearly demonstrates that the transport and optical
properties near the Ml transition region are strongly influenced by the connectivity of the metallic domains.
[S0163-182606)00231-1

I. INTRODUCTION In this paper, temperature-dependent infral&) proper-
ties of a VO, film are reported near the MI transition tem-
After the first observation on a metal-insulattl) tran-  peratureT. The dielectric constané;(w,T) and the con-
sition in vanadium dioxidgVO,) by Morin,* this material ~ ductivity o¢(w,T) of the VO, film were obtained from
has been intensively studied by many workers. Actuallyreflectance and transmittance spectra in a frequency region of
VO, has been considered as a prototype of transition-metal600—4000 cm® at temperature between 20°C and
oxides with intriguing Ml transitions. Various physical prop- 90 °C. It was found that;(w,T) shows an interesting be-
erties related to the transition were investigated withhavior nearT:: €;(w,T) in the insulating side increases as
optical?™  structura® electricall and  magnetic the temperature approactiEs. To explain this behavior, we
measurements:® Also, several theoretical methods have introduced a composite-medium model that considers the
been applied to explain the mechanism of the MI transitiorfiim as an inhomogeneous medium composed of metallic and
in VO,.19-12 Despite these intense theoretical and experiinsulating domains and treats the first-order phase transition
mental studies, some controversies on the mechanism stils a process of domain growth. Then, the MI transition of
remain®® VO, can be treated as a percolation transition. Using the
The MI transition in bulk VG, occurs around 68 °C, effective-medium approximation, the increaseepinearT
where its dc electrical resistivity changes abruptly by morecould be explained and was attributed to an increase in ca-
than five orders of magnitude. This transition is accompaniegacitive coupling between the metallic domains. This work
by a structural change from a tetragonal rutile structure in alemonstrates that the domain growth should be taken into
high-temperature metallic phase to a monoclinic structure irtonsideration to explain the optical properties of ¥Y@ear
a low-temperature insulating phase. The MI transition is ahe MI transition regime.
first-order phase transition, which is partly related to the The structure of this paper is as follows. In Sec. Il our
structural change that involves a significant distortion ofexperimental methods, such as film deposition, dc conductiv-
VO, octahedra and pairing of V atoms. Thermal hysteretidty measurements, and infrared measurements, are described.
behaviors have been observed in numerous physical propeFemperature-dependent dc conductivity, and infrared reflec-
ties, but dynamic evolution, such as spinodal decompositiotance and transmittance spectra of a ¥@m are also
and domain growth, has not been studied in detail forshown. In Sec. Ill our procedure to obta#(w,T) and
VO,. oi(w,T) from the experimental reflectance and transmit-
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. temperature-dependent dc conductiwity(T). As the tem-
10

z E T T T T T perature increases;y(T) starts to increase abruptly around
IE 3 68 °C and changes by more than three orders of magnitude.
o 103|;_ N Compared to the MI transition region of single crystal
' 3 VO,,” that of the film is a little bit broader, possibly due to
~ - defects inside the film. Figure(d) also shows a thermal
2 102!; 7 hysteresis effect, and temperature difference between the
,5 - heating and cooling curves is found to be about 8 °C. This
9 10k 4 hysteretic behavior demonstrates that our film undergoes a
T 3 first-order phase transition.
5 C
O 10° 1.0
C. IR measurements
o 08 0.8
§ 3 Both reflectance and transmittance spectra of the, VO
£ 06rF « 406 5 film were measured in a spectral range between 450 and
c © 4000 cm ! using a Fourier transform spectrophotometer.
2 ~494 2 The experimental resolution was 8 cth Since the MI tran-
o & sition of the film shows a thermal hysteresis, it would be
S \ \ 102 ideal to measure reflectance and transmittance spectra simul-
| | | \\\_ | taneously. However, we could not perform such _simult_a-
005 20 40 80 8 7100 120°° neous measurements due to our experimental configuration.
Instead, we tried to minimize experimental errors by moni-
Temperature (°C) toring the sample temperature carefully. The ¥film was

mounted on a heating block, whose temperature could be
~ FIG. 1. (a) Temperature-dependent dc conductivity of a ¥O controlled by two cartridge heaters Katype thermocouple,
film and (b) temperature dependence of reﬂecta(’mld |In69 and and a Controlhng unit. To suppress unnecessary blackbody
transmittancédashed linesof the film at 2000 cm *. Solid circles radiation from the heating block entering to a detector, a
in (&) show its infrared conductivity at 2000 cm during heating  \ater_cooled copper jacket was built around the block. To
process. The thermal hysteresis behaviors indicate that the film U easure the sample temperature accurately. a separate
dergoes a first-order phase transition. P P Y, P

K-type thermocouple was attached to one corner of the film.

tance spectra is described in detail. Optical constants of RuUring one thermal cycle between 20 °C and 90 °C, reflec-

sapphire substrate as well as the ¥fiim are presented. In tanceR(w,T) was measured with an incident angle of 8°.
Sec. IV, (w,T) and o¢(w,T) in the IR region are dis- Then the heating block was positioned for transmission mea-

cussed. Our findings are summarized in Sec. V. surements, where the light entered normal to the film. Trans-
mittanceZ(w,T) was measured during another thermal cycle
Il. EXPERIMENT between 20 °C and 90 °C. The reflectance and transmittance

spectra were measured at every 2 °C and the sample tem-

perature was stabilized withint0.2°C before taking the
VO, films were grown on sapphif@01 substrates with spectra. The rate of temperature change was maintained the

pulsed laser deposition using an ArF excimer laser. Intenssame for both thermal cycles.

light pulses at a wavelength of 193 nm were focused onto a R(2000 c¢cm*,T) and 7(2000 cm %, T) during the

VO, target with a fluence of 2—-3 J/cm A base pressure thermal cycles are shown in Fig(d.?5 Both of these quan-

inside a deposition chamber was less than10orr and an  tjties show hysteretic behaviors, which are similar to that of

ambient condition during the deposition was 20—-30 mTorr ofhe dc resistivity. Note that the film is transparent in the

oxygen. The films were deposited at 630 °C and then cooleghg|R region below 60°C and becomes opaque above

down to room temperature at the deposition oxygen pressuigy o This sudden change of the transmittance was already

without further post annealing. The thickness of the f”mobserved b ; 7 ;
o _ _ y earlier workéfs” and is the reason why VO
used in this IR study was about 1500 A. An x-ray-diffraction films have been studied extensively for applications of opti-

study revealed that most of the film is composed of thecal switches and infrared sensors.

Vf?a zsephIiS:(,:l dk?tlijct)r:m'fﬁea}il\ﬁri)s/ ﬁimr?l” ?)?iqgr:{cgtd?/{/i% isticrzr(;i?)r-y Figure 2 shows the reflectance and transmittance spectra
pnase. ’ gnly . Pf the VO, film at some selected temperatures during a heat-
clinic (010 plane parallel to the substrate surface. Details of o o .
o . ; ing process. Around 60 °C, the film is insulating and the
growth and characterization of the films were pubhshedl. ht is abl h hin | h I
clsewherd? ight is able to penetrate the VO in layer, so the overa
' features ofR and 7 spectra are mainly determined by the

sapphire substrate. As temperature increasncreases
and 7 decreases. Moreover, phonon structures in the reflec-

The dc conductivity of the V@ film was measured using tance spectra become weak due to screening of free carriers
a conventional four-probe method. Figurgal shows generated in the metallic phase.

A. Deposition of VO, films

B. dc conductivity measurements
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= oozf
7(w,T), proper relations between these physical quantities
0.0 ! P, 1 : should be established. For our experimental configurations,
0 1000 2000 3000 4000

R and7 can be written in terms afi; andk; using a set of
proper Fresnel equatioR$In a film geometry, Fabry-Ret
fringes frequently appear iR and7 spectra due to interfer-
ence of multiply reflected beams from parallel substrate sur-
faces. However, the spectra in Fig. 2 do not show such in-
terference fringes, partly due to the low experimental

Wave number (cm™")

FIG. 2. (a) Reflectance andb) transmittance spectra of the
VO, film at selected temperatures during the heating process.

lll. DETERMINATION OF OPTICAL CONSTANTS resolution and to a small misalignment between the parallel
OF THE VO, FILM substrate surfaces. To explain the lack of the Fabmpte
A. Other spectroscopic methods fringes in theR and 7 spectra, the phase information be-

tween the multiply reflected beams should be neglected and

K To de':(ermi_ne Opfic"’.‘l constants ofda lf)IUIk sample,f &he beams should be added incoherently. A systematic treat-
ramers-Kronig analysis on measured reflectance IS r€qqn¢ tor sych an incoherent addition is called the “intensity

qguently used. In this method, a reflectance spectrum is Me-_ sfer-matrix method”(ITMM) and has been applied to

sured in a wide frequency region and a phase shift due t . 2123
reflection is determiged us)i/ng EE:]he KramersF-)Kronig relatfon. Calculate thg optical .cons'tants of numerous .ﬂﬁlﬂg'

For such a calculation, reflectance data from zero to infinity. Under this approxmatlo_riR adacan be given as fl_mc-
frequency should be known, so proper extrapolation scheméns of ny andk; and the film thickness when the optical
should be used for the frequency regions where reflectancgPnstants and thickness of the substrate are known,
data are not availabfé. Moreover, in a film geometry, the 1-€., R=R(n¢.k¢;t) and 7=T(n k¢;t). The detailed
phase shift of the reflected light is a complicated function oféxpressiors under the ITMM are highly complicated and
numerous physical quantities, such as optical constants and@nlinear, son; andk; cannot be written as analytic func-
thickness of a film and those of a substrate, so the Kramergions of R and7. Therefore, we had to rely on a numerical
Kronig analysis might be difficult to apply. method to finch; andk; from the measure® and7 spectra.

In ellipsometry, polarization-dependent reflectance spec-
tra are measured for a light entering obliquely near the Brew-
ster angle® Since more than two quantities can be measured
at a single frequency, there is no need for extrapolations and To apply the ITMM, the refractive inderg and the ex-
optical constants can be determined more accurately. Thignction coefficientks of the substrate should be known.
method can also be applied to a film geometry. HoweverSince the substrate iscacut sapphiren, andk; in ab plane
ellipsometric measurements in the mid-IR region have noshould be used. Sapphire has a hexagonal structure and its
been well established yet, due to lack of proper polarizingoptical constants have an uniaxial anisotropy, so the optical
elements. Therefore, we had to rely on other technique thatonstants along tha andb axes should be the same. Since
use both the reflectance and transmittance spectra to get thiee incident angle was small, i.e., about 8°, in our reflectance
optical constants of the Vofilm. measurements, a small contribution from an extraordinary

ray (i.e., E is parallel to thec axis) was not taken into ac-
count in our analysis.

To determine refractive index;(w,T) and extinction co- As shown in Fig. 3, reported values lof for the sapphire
efficient ki(w,T) of the VO, film from R(w,T) and ab plane around 2000 cm vary quite a lof*2" To get

C. Optical constants of the sapphire substrate

B. The intensity transfer-matrix method
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ns andkg, we measured reflectance and transmittance spec-

tra of a sapphire substrate at room temperature and per- w (cm_1)

formed numerical calculations using the ITMM. Our mea-

sured values ohg andkg were found to be similar to those FIG. 5. (a) Infrared conductivity andb) infrared dielectric con-
reported in Refs. 24 and 26, respectively. The signifikgnt stant, obtained from the experimental reflectance and transmittance
value in the mid-infrared region was attributed to the mul-SPectra using the ITMM.

t@phonon absorption' proceé$?’ (For the ordinary ray direc- Sincen;<k;, the dielectric constant of the filmfznf—kfz

tion, the bulk sapphire has TO phonons at 385, 442, 569, anB.omes negative, consistent with the fact that Vige-

653 cm ! and LO phonons at 388, 480, 625, and 900:omes metallic at é8ocl

cm™*.%9) According to literature on optical properties of  \yhenR or 7becomes very small, experimental errors of

sapphiré®?"the changes ofi; andk, between 295 and 363 . andk; become very large. Therefore, the spectral range of

K were known to very small. In fact, we measured this study was limited by phonon absorption in the sapphire

temperature-dependent spectra of reflectance and transmiubstrate. The multiphonon process in the sapphire substrate

tance for the sapphire substrate and found that their changesakesk, large enough to result in a very small transmittance

were smaller than 0.5% between room temperature andelow 1450 cmi!, as shown in Fig. @®). In addition, the

100 ° C. Therefore, the temperature dependences @ind  large change iri between 1450 and 1600 c¢m can also

ks could be neglected in our data analysis. provide large errors in determinings and k;. So, in this
study, ny and k; were determined in the frequency region
above 1600 cm?.

D. Optical constants of the VG film Figure 5 shows the results of the ITMM analysis for the

It should be noted that it is possible to have more than ond 2 flm. The IR conductivityo(w, T) and the IR dielectric

solution ofn (e, T) andk,(w,T) corresponding to measured constant,e;(w,T) are shown at some selected temperatures

. in the MI transition region. Note that; ande; shown in this
values ofR(w,T) andZ(w,T). Therefore, a proper solution i, re \vere obtained from th& and 7 spectra during the

should be chosen using reasonable physical grounds a ating proces® At T=60 °C, which is belowT, the film

continuity of ny andk; with respect tow. Figure 4 Shows  yisplays a typical insulatorlike behaviar; is very small and
contour curves int;, ki) space for given values 6t and . s positive and nearly constafite., about 19 in the IR
T at 4000 cm L. Solid lines show contours for the measured region. On the contrary, a=88 °C, which is abovelc,
values ofR and7at 60 °C, i.e., on the insulating side. These {he film shows a typical metallic behaviar; becomes large

lines run across at two points im(, ki) space, i.eni~ 3.1  gnq € is negative. Asw becomes smallere;(w,T)| be-
or 7.5 andks~ 0.0. From reported IR dateon a single-  comes larger.

crystal VO,, n¢(4000 cm !, 293 K) is estimated to be lo-

cated between 3.0 and 4.0, so the solutiompf3.1 is a IV. RESULTS AND DISCUSSIONS
proper one. The dashed lines in Fig. 4 show contour lines for
the measured values & and7 at 88 °C, i.e., on the metallic
side. Though there are two contour lines for the measured Figure 5a) shows that the IR conductivity increases as
‘R value, there is only one solution af~ 1.9 andk~ 4.3. T israised. To check the correlation between the infrared and

A. Infrared conductivity in metallic VO ,
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dc conductivities, values ofr;(2000 cm 1, T) during the

heating process are plotted as solid circles in Fig).1t can 2 ' ' ' ' (@)
be easily noticed that the behavior @f(2000 cm 1, T) is oF -
highly correlated with that ofre{T), suggesting that the O o} — — — — ———— = 7 L e
change in the IR conductivity is closely related to the gen- R
eration of free carriers at the MI transition. e T i
A model that includes this free-carrier contribution is the << -eo| ]
simple Drude model, where the complex dielectric constant 80 [N ]
€i=¢€;+ (47l w) o of the VO, film in the metallic regime
can be written as £ 00 — l i l
E 2500} (b)
_ @5 47N 1 g, 2000 T .
)=l 1 o) | =% T w(eril)” o} L T T ]
(1) :o 000l eereteentieie i e, -
€, represents the high-frequency dielectric constant coming °§ s00 | .
from interband transitions an@,, I', N, andm* are the T oo s
screened plasma frequency, scattering rate, density, and ef-
fective mass of free carriers, respectively. Barkeal ? sug- 4000 [
gested thatw,=9x10° cm~?!, I'=10x10* cm™?, and T {ro ¢
€.=9 from a Kramers-Kronig analysis on reflectance data of § 3000 ~
a VO, single crystal. :2000 i 3
Figures §a) and &b) show the IR dielectric constant and 3 Hos
conductivity of the VG film at T=88 °C, respectively. Ex- — 1000}
perimental data are denoted with solid circles. Dashed lines

are the predictions of the simple Drude model when param- 05 ) 5550 S50 20505600 °°
eters suggested by Barket al. are used. It is evident that
there are large discrepancies between the experimental data
and the theoretical predictions. The simple Drude model can
provide a good fit to the experimental(w,88°C) data, FIG. 6. (a) Dielectric constant andb) conductivity of the
shown as dotted line in Fig.(&: ©,=7.8X 10° cm™ %, VO, film at 88 °C (i.e., in the metallic region The solid circles
'=2.5x10° cm™ %, ande.=9. However, in this case, the represent our experimental data. The dashed lines are the predic-
experimental value ofr;(®,88 °C) cannot be explained rea- tions of the simple Drude model with parameters suggested by
sonably well with the same parameters. Barker et al. The dotted lines are the predictions of the simple

To make a better exp|anati%ﬂ'[he spectra were analyzed Drude model when the parameters are adjusted to fit the measured
in terms of extended Drude model, which has the same exei(@). In (c), the frequency-dependent scattering fatesolid line)
pression as Eq1) but with frequency-dependent scattering @nd the effective-mass ratio*/m, (dashed ling which are de-
ratel’ (w) and effective mass1* (). For a given frequency, 'ved in the extended Drude model, are shown.
the values ofl'(w) andm* (w) can be uniquely determined
from the experimental optical constants, when the value o
N is known. With a reported valdeof the carrier density,
i.e., N=3.0x10?* cm 3, I'(w) and m*(w) were deter-
mined from the measured values af(®,88°C and
o(w,88°C). Figure €c) shows thal'(w) increases but that
m* (w) decreases, as frequency increases, which is a typic%
behavior of a highly correlated electron syst&m?
I'(w=2000
cm™ 1) of the VO, film is about 1500 cm*, larger than that
of a good metaltypically, about 500 cm?). Since the scat-
tering rate is comparable to the frequency, the IR conductiv
ity at 2000 crmi ! is closely related to the dc conductivity, as
shown in Fig. 19).

It should be noted thdf (w) in Fig. &(c) is much smaller
than the value of the scattering rate obtained by Bagkeail,, The temperature dependenceepf shown in Fig. Bb), is
i.e.,'=10x10° cm~1. The scattering rate is closely related quite interesting. Above 80 °G;(w) is approximately pro-
to the mean free path of carriers®® The parameters of portional to —1/w?, which is a typical behavior for Drude
Barkeret al. provide thal ~4 A, which is clearly too short carriers. AsT increases in the metallic side; decreases.
for the metallic state. Recently, Alleet al* studied high- However, asT approached. in the insulating sideg; in-
temperature resistivity of V@Q. They showed that the short creases. This increment af; cannot be explained by a
mean free path value based br=10x10° cm™! gives an  simple increase dfl in the simple or extended Drude model.

w (em™)

%nternal inconsistency in the conventional Bloch-Boltzmann
interpretation. They attributed this inconsistency either to un-
known internal damages inside a Y@ample or to nonap-
plicability of the conventional Fermi liquid model. In Fig.
6(c), values ofl" andm* are given only in the mid-IR re-
ion, so then dc values cannot be determined exactly. How-
er, when their dc values are estimated las 1000
cm~! andm*/m~1.5, | will be about 1@ A . Note that
these values are only approximate estimations. However, it is
clear thatl is larger by about an order of magnitude than
4 A . This large value ol removes the inconsistency ob-
served by Alleret al3*

B. Behavior of €; of the insulating VO, film
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stability (called the “spinodal decomposition”against the

& & infinitesimal amplitude and nonlocalized fluctuations that re-
&
(@) = £ & & sult in a phase separation. Whanincreases further, the
= = @@ domains of the metallic phase start to form clusters, as
= . shown in Fig. Tb). WhenT is far aboveT, the conducting

clusters become larger and form a conducting path through-
out the film, as shown in Fig.(@). This is quite similar to
percolation transitions observed in various metal-insulator
composites’

To include the effect of the domain growth, the Y@Im
should be described as @anhomogeneougsomposite me-
dium composed of metallic and insulating grains. Then, op-
tical properties of the inhomogeneous medium can be mod-
eled by effective-medium theories, which predict the
effective dielectric constant of the composite medium in
terms of dielectric constants and volume fractions of its con-
stituent components. The effective-medium approximation
(EMA), developed by Bruggem#h and generalized by
Stroud® has been widely used to explain optical properties

FIG. 7. Schematic diagram of the MI transition in the y@im.  of composites that have percolation transitidhs.

(@ The metallic domains start to form nucleation droplets in the In the EMA, it is assumed that individual grains, either
film surface sporadically, a¥ approaches . (b) The domains metallic or insulating, are considered to be embedded in a
grow larger and start to form clusters @sincreases further(c) uniform background, i.e., an “effective medium,” which has
Above T, the metallic domains form an infinite cluster. average properties of the mixture. A self-consistent
conditiorf! such that the total depolarization field inside the

An increase of the dielectric constant on the insulatingihhomogeneous medium is equal to zero leads to a quadratic
side near the MI transition region has appeared in numerougdquation for effective dielectric constaaty,
models®>3® According to the Herzfeld criteriofr:*® valence
electrons are considered to be localized around nuclei and L o
contribute to atomic polarizability. Near the MI transition, f €m™ €eff f € €eff -0

C P ) . m= — i= — =0, 2
the polarizability diverges, so the dielectric constant should emt (d—1)€ o €+ (d—1)euy
diverge. Above the transition, the restoring force of the va-
lence electrons vanishes, resulting in free carriers. Anothevheree,, ande; represent the complex dielectric constants of
model that predicts the increase gfnear the Ml transition the metallic and insulating V@phases, respectively. In ad-
is the Anderson localization mod&.A polarizability of a  dition, f,, andf; (=1—f) represent volume fractions of the
medium is proportional to square of localization length, i.e.,metallic and insulating grains, respectively. Since the thick-
a typical size of the localized wave function. Since the local-ness of the film was estimated to about @59, the dimen-
ization length diverges near the MI transitias, should di-  sionality of the composite mediuch was set to 2. Note that
verge.(However, it is clear that the MI transition in VOs  the EMA equation predicts a percolation fgi=0.5 in two
not induced by disorder. dimension, where an infinite cluster of the metallic Y&

Note that both of the above microscopic models deal withformed.
dielectric constants mainly in dc limit, so our mid-IR data To apply the EMA, it was assumed that,(w) and
could not be explained. In addition, it is difficult to include €;(w) could be represented by the values of the Mm at
the first-order nature of the Ml transition in \\nstead of 88 and 60 °C, respectively; in other word& ()
relying on microscopic models, we will deal with a compos- ="¢;(®,88 °C) ande;(w) ="¢;(w,60 °C). Figure 8 shows the
ite model that takes into account the evolution of domainEMA predictions for the effective conductivity and the ef-
growth during the first-order transition. Then, the increase ofective dielectric constant for various valuesfgf. This fig-
€; near the MI transition can be interpreted as a dielectricure shows good agreement with the experimental results,
anomaly related to percolation. shown in Fig. 5. Note that the figure predicts not only the M
transition of the VQ film but also the anomalous increase of
€ belowf,, = 0.5.

Figure 9 shows a plot ofe(2000cm?®, T) vs

In the first-order transition of V@, the low-temperature (2000 cm!, T) for the VO, film. The experimental
insulating phase can exist aboW¥g as a metastable phase data at every 2 °C are shown as solid circles. Below 76 °C,
and the high-temperature metallic phase can also exist belothe dielectric constant becomes larger near the MI transition.
Tc. These will bring thermal hysteretic behaviors in numer-The EMA predictions are also shown as the solid line, along
ous physical properties of VQ as shown in Fig. 1. A3 is  which the volume fraction of the metallic phase is marked.
raised, domains of the metallic phase begin to form nucleFrom this figure, we can estimatg, at each temperature. In
ation droplets in the film sporadically, as shown in Fig)7  the insulting region between 60 °C and 74 °(;, is esti-

In contrast to a second-order phase transition where there israated to vary from 0.00 to 0.25. In addition, in the metallic
sudden transition from one phase to another, there is an imegion between 78 °C and 88 °E,, is estimated to change

C. A composite medium model
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based on a homogeneous medium will fail to explain behav-

FIG. 8. (@) IR conductivity and(b) IR dielectric constant pre- iors of many physical properties correctly.

dicted by the two-dimensional EMA, which is a mean-field theory
predicting the percolation transition.

V. SUMMARY

from 0.85 to 1.00. There is a significant changef jn be- Temperature-dependent mid-IR transmittance and reflec-
tween 74 °C and 78 °C and the percolation threshold shoutance spectra of a VOfilm were measured near Ml transi-
dbe located at this temperature region. The existence of thigon. Using the ITMM, the conductivity and dielectric con-
percolation threshold can be also induced from the frequencgtant of the film were obtained between 1600 and 4000
dependencies of; and e, shown in Fig. 52 The conduc- cm™'. Above 78 °C,ei(w) and o(w) showed a typical
tivity of the film below 2000 cm* shows thado;/dw>0 metallic behavior. The optical constants in the metallic re-
below 74 °C anddo;/dw<0 above 78 °C. The dielectric gion can be explained in terms of the extended Drude model.
constant of the film shows thate; /dw~0 below 74 °C and The dc mean free path is estimated to be much larger than
def/dw>0 above 78 °C. the previously reported value. In the insulating region,
The increase of; near the MI transition can be under- €:(®) increased a3 approached the MI transition tempera-
stood in the percolation model. Near the percolation, effecture, contrary to an expectation based on the fact that the
tive Capaciti\/e Coup"ng between the metallic clusters in-number of carriers increases homogeneously over the film.
creases due to an increase in the effective area and a decred§eexplain this anomalous behavior near the transition, the
in the spacing between the metallic clusters. This incremerfilm in the transition region was approximated as a compos-
of the coupling will result in the increase of dielectric con- ite consisted of metallic and insulating \\@omains and the
stant near the percolation transition. This effect has beefgffective-medium approximation was applied. Then the di-
observed by Grannaet al*3in a Ag-KCI composite at a low €lectric anomaly was attributed to increase in capacitive cou-
frequency of 1 KHz. It is quite interesting that such an effectpling between the metallic grains near the percolation thresh-
still exists in the infrared region, as illustrated in this work. old.
From Fig. 9 it is clear that the EMA can explain the
optical constants of the V&film quite well in most tempera-
ture regions. The deviation near the MI transition, i.e.,
76 °C, can be understood from the fact that the EMA is a
mean-field approximation, whose description in a critical re- We appreciate the ICNSRF for allowing us to use their
gion is quite poof* The reasonably good agreement be-facilities. This work was financially supported by the Minis-
tween the experimental data and the EMA predictions demtry of Education through the Basic Science Research Insti-
onstrates that physical properties of a material near a firstute Program No. BSRI-95-2416 and by the Korea Science
order phase transition temperature should be understood and Engineering Foundation through the RCDAMP at Pusan
terms of a composite medium theory. A simple treatmentNational University.
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