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Abstract: Algorithms and experimental techniques for extracting the complex dielectric function of thin films
(monolayers and bilayers) of quantum dots are developed. The algorithms are based on a combination of the
so-called NewtorrRaphson method, used in conjunction with a Kramé¢sonig analysis, and are used to
analyze normal-incidence reflectance and transmission measurements of organically passivated silver quantum
dot Langmuir monolayers. Single, unambiguous solutions to the dielectric function were determined for several
particle monolayers and at various stages of compression. A transition of the quantum dot superlattice from
the insulating to a metallic state was observed. When a monolayer of 6-nm-diameter Ag nanocrystals is
compressed to an interparticle separation distaneeBsf9 A, a negative-valued featureless component of the

real part of the dielectric function is detected. This indicates the onset of Drude-like behavior that is characteristic
of a metallic film. The impact of superlattice disorder on this Drude response is also investigated.

I. Introduction charging energies of the individual nanoparticle lattice Sifes.
Upon compression, the Coulomb gap disappears and the density
of states (DOS) becomes temperature-independent (down to 20
K) and finite-valued at the Fermi levlAfter the transition to

the metal phase, the superlattice should be characterized by free
electrons, and that behavior should be reflected in the frequency-
dependent complex optical dielectric functiait) = e1(w) +
ieo(w)) of the superlattice.

We previously showed that, at low frequencies (10 k9
|,J\/IHz), e1(w) switches from a positive- to a negative-valued
function, indicating the onset of a Drude response, or free

lectron behavior within the superlattiteThe results presented

ere are measurements of this same function, but at much higher
frequencies, and represent the figstantitatve measurements
of this MI transition. These results, therefore, allow us to make
comparisons to both theory and related systems, such as
evaporated Ag island films as they pass through the percolation
transition!! In addition, we find evidence to support the
prediction by Levine and Remacle of a disorder-induced
insulating film that exists between the Mott insulator and the
metallic phasé? This localized phase has also been directly
observed in recent tunneling spectroscopy measurements on
these types of film&3

In section Il we compare the optical properties of bulk Ag
* Corresponding author. E-mail: heath@chem.ucla.edu. films and of Ag QD monolayers, and we describe the contribu-
! Department of Chemistry and Biochemistry, UCLA. tions expected from both bound and free carriers to the complex
* Department of Chemistry, UC Berkeley. diel ic f . | . ! h . |
s Department of Physics, UC Berkeley. ielectric function. In section Il we present the experimenta
(1) Kagan, C. R.; Murray, C. B.; Nirmal, M.; Bawendi, M. ®hys.

The optical properties of quantum dot superlattices contain
information concerning the nature and strength of interparticle
coupling within the superlattice. Although there are a large
number of papers reporting on the photoluminescératesor-
bance, and/or reflectantffom quantum dot solid%there have
not been any reports on the complex optical dielectric function
of such materials. In this paper, we present an approach toward
determining the optical dielectric function of Langmuir mono-
layer superlattices of silver quantum dots, measured as a functio
of monolayer compression. We include a description of the
experimental measurements techniques, as well as the algorithm
that we utilized to determine a single, unambiguous solution of
the dielectric function from experimental reflectance and
transmittance measurements.

We recently demonstrated that it was possiblegiersibly
tune a monolayer of hexagonally packed, organically function-
alized 3-nm-diameter silver quantum dots (QDs) through the
metat-insulator (MI) transition using the Langmuir compression
techniquet We presented this work as an example of rational
engineering of a specific electronic property into a QD sblid.
At large interparticle separation distances, the superlattice is a
Mott insulator® with a Coulomb band gap described by the
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procedure used to measure compression-dependent reflectancelectron densitypetweermultiple sites within the superlattice,

(R) and transmittancel] spectra. These data were inverted using and the result should be an additional negative-valued contribu-
the Newtor-Raphson algorith#t15in order to determine the  tion to e;(w).

complex index of refractiomy — ik, wheree(w) = (n — k)3, The most important distinction between the particle sizes is
and this algorithm is described in section IV. Previous workers related to the single-particle, or (super)lattice site charging
used a similar technique to describe the optical properties of energies,e. = €4/C(r), where C(r) = 4meger. Here, € is the
evaporated (and growing) Ag island films and found it to be dielectric constant of the organic surface groups that surround
unsatisfactory near the percolation threshéldihere exist the particley is the particle radius, and the other symbols take
multiple solutions toe(w) for a given set ofR and T values, on their usual meaning. For 3-nm-diameter alkylthiol passivated
and those solutions are poorly defined wimnesndk are nearly Ag QDs, we have measured a charging energy of about 0.3
equal, as happens near a Ml transition. The result is that theeV.? It is this charging energy that leads to the Coulomb band
algorithm cannot distinguish between the various solutions, and gap in thesuperlatticeand therefore makes the superlattice a
the fit of theR and T measurements to the optical constants is Mott insulator. For a Mott-type MI transition, when the quantum
poor. The practice has been to simply choose the most physicallymechanical exchange coupling between the particles exceeds
meaningful of the possible solutions, and even then, the resultingthe Coulomb gap, then the system undergoes a transition to the
€(w) function is not well defined. We avoided this dilemma by metallic phasé? Since the charging energy scales inversely with
using a KramersKronig analysis of the data in conjunction particle size, the Ml transition is experimentally easier to access
with the inversion technique. This analysis, which is described in superlattices composed of the larger quantum dots. Through
in section IV, was mathematically rigorous in that it involved the use of a number of experimental approaches (both optical
no approximations, and it led tosingleunambiguous solution  and transport measurements), we have found that for Ag

of e(w). In section V, we present our results. particles in the range of-68 nm diameter, the MI transition
occurs in the range af = 9 & 2 A, while for 3.0- or 3.5-nm-

Il. The Optical and Electronic Properties of Silver and diameter particles, the Ml transition occurs néar 6 + 2 A1

Silver Quantum Dots Here,o is the separation between the surfaces of the Ag cores

of adjacent QDs. In addition, we have found that order in the
superlattice igqualitatively less important for larger particles.
When a monolayer collapses to a bilayer, the bilayer structure
is characterized by a higher entropy than the monol&yer.

In a bulk metal, the complex dielectric function, at frequencies
from DC to the ultraviolet, is dominated by contributions from
free electrons. In this region the real part of the dielectric
function, ex(w), has a negative value. At some high frquency, Microscopic inspection of a collapsed film reveals that the
known as the bulk plasmon resonance frequemgfy) will . Al .

o . bilayer structure is, indeed, much more disordered than that of
cross over to positive values. Metals are also characterized by L
. i : ; .~?the monolayer. We have never observed the Ml transition in a
bound (interband) transitions that contribute to the dielectric

. o collapsed monolayer of 3.0- or 3.5-nm-diameter particles, while
function, although for most metals the bound transitions are only L . .
. . . the transition is readily observed in collapsed monolayers of 6-
important at very high frequencies. However, for the one-

electron metals, such as silver, both the free and bound electror’" 8-r}m partlclgs. It could be that.the Spfead n Iat.tlce site
contributions to the dielectric function are important through energies that anses from local chemical environments is smaller
the optical and UV frequenciégThe free electron contribution for larger particles.

to e1(w) has a negative value at frequencies bete8veV, while

the interband transitions are characterized by a positive-valued
contribution toey(w) at all frequencies, with strong resonant ~ There are many methods for determining the optical constants of a
dispersive behavior near 4 eV. When these two componentsSample, including ellipsometry, polarimetry, and multiple oblique angle
add together, one measures a tetahat has a negative value of incidence measurements at different polarizat@rdost involve

t0 3.8 eV (the “effective” bulk plasm h itive- multiple consecutie measgrements_. Th?s works well with a sample
up to 3.8 eV (the "effective” bulk plasmany), has a (positive that does not change during the time it takes to complete the mea-

Value(_:i) resonance in the UV, and gradually increases at hlghersurements. However, Langmuir monolayers of Ag QDs each have suf-
energies. . . . ~ficiently different optical properties thaimultaneousneasurements

In isolated silver QDs, the optical and electronic properties on a single film during compression were necessary. Because of the
are quite different from those of the bulk. Low-frequency limited amount of space available in the Langmuir trough and the
conductivity is obviously absent in isolated Ag QDs, which relative simplicity of the calculations in this geometry, we found that
means thate;(w) has a positive value at all frequencies. it was best to measure the transmittance and reflectance at normal
Throughout the optical and near-UV regions of the spectrum, incidence as a function of trough area. o
e1(w) is dominated by the optically allowed surface plasmon The experimental setup is shown in Figure 1. White Ilght_ from a
resonancews, wsp describes the collective resonance of the 150-W tungsten/halogen lamp was coupled to the Langmuir trough

free electrons within amdizidual QD and depends on the bulk ~ 1"0Udh & 40Qem-diameter glass fiber optic. The light exiting this fiber

. . . o . . . was collimated and sent through a pinhole, which restricted the diameter
dlelectr_lc fu_nctlon for Ag, T,(Z)dlfled for f'.mte size. To a first of the light spot on the film to less than 1 mm. A color process filter
approximation,wsp ~ wp/(3)*%, although in a superlattice of  (gcnott, BG37) was used to balance the spectral intensity of the lamp.
QDs, classical coupling between adjacent QDs (local field The light then passed through a 50/50 beam splitter and was directed
effects), as well as the size of the individual QDs, affects the onto the thin film. The light reflected from the film was reflected from
resonance positiohAt the Ml transition, the dielectric function  the beam splitter a second time and collected with another fiber optic.
should be further modified by the addition of significant free A third fiber optic was immersed in the water subphase beneath the
film to measure changes in transmittance. It was necessary to make a

[ll. Experimental Section
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layer system when multiple reflections in the thin film must be
white light taken into accouritt15The system consists of three media. The
first is the air, characterized by a real index of refractiog,
The second medium is the quantum dot thin film, characterized
record R <;:\\BS by a thicknessgd, and by a complex index of refraction(w)
— ik(w). The third medium is the water subphase of the
Langmuir trough, which has a real index of refractiog(w)'’
(we assumé, = 0 at these wavelengths). For this model, the
reflectance and transmittance may be found from the following
system of equations:

Figure 1. Schematic diagram of the experimental setup for measuring n2—nmd— IR
the reflectance and transmittance of a QD film as a function of g, = 0 (1)
compression on the Langmuir trough. A white light source is sent ! (g + n)z + K2
toward the air/water interface. The reflected portion is split off with a
beam splitter (BS), and the reflectance spectrum is collected using a 2n.k
multichannel array detector. The transmitted portion is reflected off a hy=——7— 2
mirror at the bottom of the trough, and the transmittance spectrum is (ng +n)"+ K
collected on a second array detector. Pressure/area isotherms are
collected simultaneously with these measurements. n— n22 + K2 @
tiny “mirror” from a slice of a small steel ball bearing in order to couple % (n+ n2)2 + K
enough light into this transmission fiber, since it was directed
perpendicularly to the incident beam. All immersed components were _ Z(nzk) 4
cleaned with chloroform between experiments. 2 (n+n )2 + 12 (4)

The reflection and transmission fibers were connected to two 2
identical, fiber-coupled UV-vis spectrometers (Ocean Optics). Three
computers were used to collect the simultaneous transmission and A=2(g,9, + hhy) (5)
reflection spectra and the surface pressure/area isotherm. The spectral
ranges that gave acceptable signal-to-noise ratios were B8Band B =2(g,h, — Q) (6)
860—950 nm.

Prior to carrying out a set of measurements for a particular film, we C=2.9, ~ hhy) ™
collected two sets of contrét and T spectra. The first set was simply D = 2(g;h, + h,g,) (8)

a measurement of the dark counts on both spectrometers, and this was

subtracted from all subsequently collected data sets. The second was a

measurement of the andT spectra of the water subphase without the al= Qdk yl= an (9)
particle monolayer. Because the refractive index of water is well known c c

throughout the wavelength range studied here, this measurement could

be used to calibrate the spectrometers and the light sources, as well a&im =

to subtract the contribution of the water subphase t&tbedT values (g2 +h? €+ (g7 +h?) e +Acos 21+ Bsin 21
measured when a QD monolayer was present. Accurate values for the o1 5 ) .

percent reflectance and transmittance of the QD films were calculated e+ (g"+h9He "+ Ccos 1+ Dsin2yl

by normalizing the collected spectra against similarly collected spectra (10)

for pure watert

Details of the Ag QD synthesis and the formation and compression Tfilm =
of superlattices of these particles on a Langmuir trough are found 2 2 2 2
elsewheré®22 All particles utilized here were size-selected to produce 2 (1+g)"+h)A+g) +h)
distributions with widths of 10% or less. The thickness of the Langmuir = nj 221 4 (52 1+ K2y g 2 + C cos 2/1 + D sin 2v1
film is simply related to the diameter of the nanoparticles and the (91 1) z4 2

number of layers (1 or 2) in the film. The particle diameters were .
determined from transmission electron microscopy (TEM) or from the In Figure 3 we present a contour plot of the reflectance and

frequency of the maximum of the surface plasmon (Mie) resonances transmittance as a function nfandk. The intersections of the

of the particles in solution. These resonances were calibrated with TEM CONtours represent solutions to egqs 10 and 11 for a set of
measurements and X-ray diffraction. reflectance and transmittance values. The first point to note is
The results from the compression of two films are presented here, that there are multiple solutions to this system of equations.
although similar results were observed for several other films. Film 1 Fortunately, we can generally use the thickness of our films to
consisted of 8-nm-diameter particles capped with decanethiol, and film eliminate all but two solutions to the data. However, those two
2 consisted of 6-nm-diameter particles capped with hexanethiol. Figure solutions are not similar to each other. Without any other
2 shows the reﬂe.ctance, transmittance, .and surface pressure measurgsyidence (such as the results of the Kramé¢eonig analysis
ments as a function of trough area for film 2. presented below), one cannot be sure which solution is correct,
and one must resort to using physical intuition when choosing
a solution. The second point is that in the region of the graph
The results forRsim and Tsm at normal incidence were  Wheren =k, the contours are roughly tangential to each other.
inverted by computer to obtain optical constantandk, where In these regions, the algorithm will not resolve accurate values

e(w) = (n — ik).2 We used an approach appropriate for a three- for n andk. This is because there is a large rangen@ndk
values that will produce the sanfeand T values within the

(11)

IV. Optical Constants by the Newton—Raphson Method

Ch(ezr%m) SRCe?ieggtn;;éF(;.;lztrg% I Levelt-Sengers, J.; Gallaghed. Pys. precision of the calculation. This problem is not unique to our
(22) Korgel, B. A.; Fullam, S.; Connolly, S.; Fitzmaurice, D. Phys. system and has similarly plagued measurements of the dielectric

Chem. B199§ 102, 8379. function of evaporated Ag islands as they are grown through
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Figure 2. Experimental results for the film comprised of 6-nm silver
QDs (film 2). Isotherm A shows that the film began to collapse at an
area of about 140 ctrand formed a continuous bilayer at about 65
cn?. Reflectance (B) and transmittance (C) data were used only from
the regions where the film was a continuous monolayer (points a, b)
(6 nm thick) or bilayer (points-€e) (12 nm thick), where the thickness

of the film was certain. The reflectance was observed to increase steadily

upon compression until the Ml transition was reached (6§ ,cahwhich
point it dropped (curve e), while the transmittance dropped steadily
until the transition, after which it did not change much (curve e
superimposes onto curve d).
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Figure 3. (A) Representative contour plot of the reflectarigg(flotted
lines) and transmittance) (solid lines) as a function afi andk for

film 2 in the visible wavelength range. The curves are labeled according
to %T or %R. Close ton = k (dashed line), th&® and T contours are
nearly parallel, and this causes large errors in the computer determi-
nation of the dielectric function solution to this system of equations.
(B) The computer fits of the data from film 2, as a compressed
continuous bilayer, to thé&k and T equations. Arrows indicate the
direction of increasing frequency. Both solutions are shown, and a clear

change in the curve is seen when the solutions approach the region

parallel toR andT contours. A decrease in the quality of the fit to the
data is also observed in this region.

the percolation transitioff The quality of the solutions is
checked by entering the andk values back into th&® and T

equations and comparing the results to the data. Although a

very good solution (it matches to several decimal places) may

Henrichs et al.

be found in then = k region of the contour plot, the error is
usually at least an order of magnitude worse than in the region
far from then = k line. To obtain more precise values for the
optical constants in this region, another complementary method
of analysis is needed.

V. Kramers —Kronig Analysis

For this section, we adapted a well-known variation of the
Kramers-Kronig dispersion relations with some slight modi-
fications. The KramersKronig relations are based on the
principle of causality® Given a complex function that represents
a physical system, the real part can be represented by an integral
expression involving the imaginary part, and the imaginary part
can be represented as an integral expression involving the real
part. The expression that is relevant here relates the relative
phasef(vo), of the transmitted light, as a function of frequency,
to the transmittancel(vp), through the sampl®.

V1),
2

Ve — v,

2V o

O(vy) = —Jo 2y, d (12)

Appropriate units must be used for the frequency and thickness
so that@ is unitless. After the phase is determined from the
transmittance data, both of these values are fit to equations that
relate the real and imaginary parts of the refractive index (
andk, respectively) to the transmittance and phase as a function
of wavelengthA:14

16(° + K3
l = —
e C(A)? + D(1)? 13)
_ kC(1) + nD(4)
o) = arctar[—kD )+ nC) (14)

where the function<C(1) and D(1) are different from eqs 7
and 8,
j+

)-

[(1 +n)(n+ng) - kz]cos(

)

[(1 -n)(n—-ny)+ kz]cos(
Znndj ]
+
A
j +

[(l~n)(n—ns)+k2]sin( .

27nnd
2nkd/n )\‘

e
27nd

k(1+2n+ ns)sin[
C(h) = 15)
2nnd

- 2rkd/R
2nnd

k(1-2n+ ns)sin[

[[(1 +n)(n +n5)—k2]sin(

PRL TN

27nd

k(1+2n+ ns)cos[
D(L) = (16)

LS
27nd

v

Here, ns is the index of refraction of the sample substrate and
may be a function of wavelength.

In principle, one can determine the optical constants from a
singlemeasurement, but, as is apparent from eq 12, one needs
to know the transmittance ovall frequencies in order to

k(1 —2n+n5)cos(

(23) Arfken, G. B.; Weber, H. Mathematical Methods for Physicists
Academic Press: San Diego, CA, 1995; p 444.
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determine the phase shift at a given frequency. The simplest

solution to this problem is to collect data over the largest D3(vy) _ 2 L“’In; T(Vl dv — L“’InZ—VT(VOZ) dvl
frequency range possible and to extrapolate the data in the Yo Ve = Vo=,
regions where no data are available. Significant errors can result

if the data are limited to a small frequency range or if there are ®2 can be evaluated numerically on the computer, but since
spectral features outside of the measured frequency range. A®1 and®3 involve frequencies where no data is available, they
mathematically exact solution to this problem exists if there must be manipulated further. The second integral in these
are other data available that provide the optical constants for atexpressions is found in a table of integr@sand the first integral
least two frequencies. In our case, these additional data areis integrated by parts twice to obtain fdrl

determined from the reflectance data. The application of the

(22)

mean value theorem for integrals to the Kraméfsonig _ lpa ——d v+,
relation has been previously descrigédbut since the detailed P1(vo) = nJ; In T(V)d'yln|1/ - Vo| dv +
expressions used in the present study differ slightly from those
used by others, the derivation will be summarized below. InyT(vy) a+ g
. . . o In | (23)
First, there is a singularity in eq 12 when= v, that causes 4 a—v,
problems with numerical integration. This problem is solved
by subtracting the expression The mean value theorem for integrals is applied to the first

integral to get

wlNy/ T(vg)

——dv=0 a7) atv Iny/T(v, atv
Jo V2 — @1(rg) = Aln|_— V°| + ﬂ( o Inl_— V°| (24)
0 0
from eq 12. The above integral is analytic (single valued) and In /T(S)
continuous interior to and on a closed simple contour bounded A=——-""

by the real and imaginary frequency axes in the upper half of 7

the complex plané® Since there is a pole on tiRew axis that where is some frequency between zero andSimilarly for
can be avoided by applying an infinitesimal semicirclevat »3:

wo, there are ne@nclosedesidues. The residue theorefaf(2) '

dz = 271 Y (enclosed residues), applies, and the integral in eq

17 will vanish2>When eq 17 is subtracted from eq 12, the result ®3(v) =B |n|b + V0| _ InyT(vo) In b+ V°|
is b—v, b—v,

(25)

20y N/ T(V) — Iny/T(vy) g — NVT(n)
O(vg) = — dv — 2nv,d (18) T
o 7 Jo 2 2 0
L 2
wherey is some frequency betwednand infinity. SinceT is

This ensures that the singularity found in eq 12 can be avoidedPetween 0 and 1, it is clear from eqgs 24 and 25 fatust be
without changing the value of the integral. Veli@Ryfirst positive andB negative, but the exact values of these constants

showed a general proof for this result, which involved expanding Must be determined from some additional daandB may
the denominator of the integrand in eq 18 above as a powerbe. determlneq uniquely by reah;mg that the measured phase
series, substituting this series back into eq 18, and taking theShift, 2(vo), is zero at frequencies below an absorpfibif.

limit as  approaches infinity. ®2(vg) vanishes, at least at two frequencies in the interaja)
Next, the frequency range is divided into three regii(g;a) for example, av = c or v = d, thenA andB can be determined
is zero frequency to the beginning of the data rangg) (is from the following pair of simultaneous equations:
the frequency range of the data, arkq) is from the end of I bt
the data to infinity. Equation 12 then becomes Aln|%(;| + ®2(c) +B In|ng =0 (26a)
O(vo) = PL(vy) + P2(vy) + P3(vy) (19) A lngi— g| + d2(d) + B |n|g 1— 3| -0 (26b)
where

Equations 26a and 26b show clearly thagtshould not be
evaluated at the endpoingsandb to avoid singularities there.
ST 21 faln«/T(v) d — fam\/T(Vo) a| (20) Additionally, although this analytical technique is mathemati-
Vo) = Vo042 — v 0,2_,2 v cally exact and, hence, may extend the frequency range over
0 which the optical constants can be determined, small errors in
the data are amplified into large errors in the optical constants

2
Vo

2vo NV T(V) — Iny/T(vp) near the endpoints of the data and should not be trusted there.
D2(vy) ~ 1 Ja 22 dv — 2mved  (21) The quality of the results is determined by comparing the
0

reflectance calculated from the optical constants to the reflec-
(24) Roessler, D. MBr. J. Appl. Phys1965 16, 1119 tance data that were collected. For the results presented here,
oessler, D. MBr. J. Appl. Phys , . . . .
(25) Arfken, G. B.; Weber, H. Mathematical Methods for Physicists the phase shift WQ.S obtained from valuesiaindk determined
Academic Press: San Diego, CA, 1995; p 415. from theR andT fits at frequencies where theandk values

(26) Velicky, B. Czech. J. Phys. B961, 11, 787. are most certain (in the red region of the spectrum).
(27) Stern, F. InSolid State Physi¢sSeitz, F., Turnbull, D., Eds.;
Academic: New York, 1963; Vol. 15, p 299. (28) CRC integral tables.
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= 0.5+ g 025 Figure 5. Plots of the real versus the imaginary parts of the dielectric
§ ) E 0.20 function for a Langmuir monolayer of 6-nm-diameter Ag nanocrystals
g0.47 ) as various compressions. In part A, we present results for the case in
0.3 0.15 which an insulating film is compressed. The dotted curve represents
. . . . 0.10 the film at 1.2x 10* AZparticle, while the dashed-line curve represents
1'6 2'0 r-rei L6 20 24 28 32 the film at 0.9x 10* A%/particle. The solid-line curve represents the
6 2.0 24 28 32 " Energy (V) difference and indicates that only bound states contribute to the observed

Energy (eV) changes in optical properties. In part B, the changes observed when

Figure 4. (A) Representative contour plot of the % transmittance  the superlattice becomes metallic are shown. The film is compressed
(dotted line) and phase (solid line) as a functiomaindk for a 12- by a small fraction{2%), and the plot shifts to the left. The difference
nm-thick film in the visible wavelength range. The unitless value of petween these curves is characterized by a negative valae all

phase is described by eq 19 in the text. (B) The results of the Kramers  measured frequencies and indicates a free electron contribution to the
Kronig calculation (solid line) compared to the result of Rand T dielectric function.

inversion for the compressed continuous bilayer data from film 1. The
discontinuity in the data near the = k line is not present in the  The film represented by the dotted-line trace was compressed
Kramers-Kronig re_sult. (C) Calculated transmittance (solid'line) from by about 25% (in area) to yield the dashed-line trace. The solid
the Kramers-Kronig optical constants compared to the original data ace represents the difference between the films. This difference
(cwclgs). (D) Similar comparison of the reﬂecta_nce data. The Kramers tells us that the optical properties have not changed mtiué
Kronig results are unreliable near the endpoints of the data. . .
resonance has just gotten stronger, mostly due to an increased
A contour plot of T and6 as a function of andk is shown density of particles on the trough surface. This is typical for
in Figure 4A. As with theRandT functions, there are generally ~COMPressions up to the Ml transition. In Figure 5B we present
multiple combinations oh andk that will reproduce the data, ~ Cole-Cole plots corresponding to the same film at higher
but only the correct solution will appear in both the methods Compressions. The film characterized by the dashed-line circle
of determining the optical constantSortunately, because the ~Was compressed by about 2% from the dotted-line circle. The
films we examine here are so thin, only one solution falls within difference between these plots is characterized by a negative-
the physically acceptable boundsréndk. In addition, theT ~ Valuedey(w) at all measured frequencies. This is the signature
and 6 contours are orthogonal to each other, so there is no that corresponds to the onset of free electron behavior within

ambiguity in the solution for the optical constants. Figure 4B the superlattice, which is the Ml phase transition.

shows a representative result of thandk calculation with a ~ Inthe accompanying paper, Remacle and Levine discuss the
comparison to theR and T inversion result. The Kramefs implications of disorder in these filni.They calculate that
Kronig result produces a much more precise value ahdk there ardwo quantum phase transitions that might be observed

in the region of the contour plot where= k and reproduces @S @ monolayer is compressed. The first corresponds to the
the experimental data very well (Figure 4C,D). For all data sets, disappearance of the Coulomb gap and is a Mott-type Ml
only a single solution satisfied both tieand T inversionand transition. However, if the system is disordered, it will not
the Kramers-Kronig analysis, showing that a combination of exhibit meta!llc pharacter at that point but will be an msulgtor
theR andT inversion and the KramerKronig analysis allows due to localization effects (_s.o-called Anderson localization).
for the unambiguous determination of the optical constants over Only upon further compression does the system become truly

the entire experimental range of frequencies. metallic. In Figure 6 we present evidence for this localized
phase. In this case the uncompressed film of 8-nm particles (film
V. Results and Discussion 1) was already metallic, indicated by the fact thgiw) has a

negative value over much of the measured frequency rditnig.
means that this monolayer has metallic characteere when

the particles are at their equilibrium separation distanced(

A). As discussed above, and as previously demonsttétad,
bilayer is characterized by higher entropy than the monolayer,
and so collapsing a monolayer provides a mechanism for
increasing disorder in the system. In Figure 6A, we show that
when the monolayer (dotted curve) collapses to form a bilayer
(dashed-line curve), the Cot€ole plot shifts sharply to the
right. The difference between these two curves (solid trace) is
(29) Cole, K. S.; Cole, R. HJ. Chem. Physl1941, 9, 341. a relative enhancement of the contribution of the bound

There are several ways to presefiv), and perhaps the
simplest is known as a ColeCole plot2® For such a plot, the
x- andy-axes ares; ande,, respectively, and the points on the
plot correspond to different frequency values. Because the
spectral region that we measured is dominated§&ythe plots
form a circular arc, with frequency increasing counterclockwise
around the arc.

In Figure 5A we present CoteCole plots for the 6-nm
nanocrystal Langmuir monolayer at relatively low compression.
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described, and we have presented algorithms for extracting the

0 o7 ,"'ﬂ" -~ \A complex dielectric function of those monolayers from the
S A measurements. In particular, we have demonstrated how such
209 2 . 3 . . .
] i i algorithms may be used even in the region wheendk are
wd J’ approximately equal and standard Newtd®aphson matrix
0 - D - inversion techniques do not resolve to a satisfactory solution.
~ When these algorithms are applied to the analysis of transmit-
w JR— B tance and reflectance data taken from silver quantum dot
30 s e T monolayers as they are compressed through the metal/insulator
20 - !" vy transition, unambiguous signatures corresponding to the onset
MY ;s of free electron response are observed. Both the experimental
10 1 .o e technique and the algorithms utilized here should be useful for
A £ measuring the dielectric function of both monolayer and
multilayer metal and semiconductor quantum dot superlattices,
T

T o 20 30 and for quantifying the classical and/or quantum nature of
€1 interparticle exchange coupling in those films.

Figure 6. Cole—Cole plots demonstrating the importance of disorder !N these measurements, the “toted{w) has a negative value

on the free electron contribution to the dielectric function. In A, a ©only at high frequencies. Based on the low-frequency measure-
metallic monolayer (dotted trace) is collapsed into a disordered bilayer mentst® e1(w) must at some point cross from a positive to a
(dashed-line trace), and the difference between the two films (solid negative value between 10 MHz and the low-frequency limit
trace) is a relative enhancement of the bound resonances to the opticabf the measurements reported here. That crossover (possibly in
response. In B, the collapsed bilayer is further compressed and becomeshe infrared) represents a collective resonance of the superlattice
meta!lic again. The measured difference is a purely free electron ¢ appears only at the onset of metallic behavior. It would be
contribution. interesting to extend these measurements toward longer wave-

transitions. Upon further compression, we observe a transition [€N9ths. When these films become metallic, the electrons are

back to the metallic state (Figure 6B). This observation indicates 9€localized, but the positive cores are still obviously localized.
that the optical properties, while sensitive probes of free electron 11€ collective resonance that appears at the Ml transition should
behavior, are not sensitive to the presence of absence of geontain information relevant to the free electron density in these

Coulomb band gap. unusual metallic films.
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