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Reversible Metal-Insulator Transition in Ordered Metal Nanocrystal Monolayers Observed
by Impedance Spectroscopy
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Low frequency impedance spectroscopy was applied on a Langmuir monolayer of alkylthiol passi-
vated 35 Å diameter silver quantum dots, as a function of interparticle separation distance. As inter-
particle spacing decreases below 30% of particle diameter, a reduction in interparticle charge tunneling
time is observed. On further compression, the complex impedance of the films undergoes a transition
from a parallelRC equivalent circuit to an inductive circuit. Optical reflectance changes in the films
are consistent with the deduced metal-insulator transition. [S0031-9007(98)05885-2]

PACS numbers: 71.30.+h, 73.20.Jc, 73.61.Tm
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In recent years, techniques for preparing monodisper
organically functionalized, metal quantum dots (QDs) ha
been developed [1]. Consequently, their crystallization
form superlattices and the study of structural and electro
properties of such ordered arrays are of growing inte
est [2–4]. One compelling feature of these superlattic
is that three of the most critical parameters of a solid—
the lattice site charging energy, the site-site coupling, a
the lattice symmetry—may be independently varied.
this way, bulk electronic properties can be “designed” in
the solid. For example, two dimensional, ordered sup
lattices of metal QDs can be prepared at the air/wa
interface on a Langmuir trough [5], and the Langmuir tec
nique can be used to continuously vary the interpartic
separation distance, thereby tuning the site-site coupl
strength. In a recent publication from our laboratory, w
showed that a Langmuir monolayer of alkylthiol passivate
Ag quantum dots could be compressed reversibly throug
metal-insulator transition under ambient conditions [6
The deduced transition was based on monitoring the o
tical and nonlinear optical [second harmonic generati
(SHG)] responses of the monolayer as the interpartic
separation distance was reduced. A useful parameter
characterizing such monolayers isDy2r, whereD is inter-
particle separation, as measured between particle cent
andr is particle radius. ForDy2r values.1.3, a classi-
cal coupling model could be employed to account for a
experimental observations [7]. For1.3 . Dy2r . 1.2,
quantum coupling (i.e., exchange) appeared to domin
the trends in the linear and nonlinear optical respons
Below aDy2r value of 1.2, a sharp metal/insulator tran
sition was observed. For the SHG response, the tran
tion was observed as a sharp discontinuity inx s2d. For the
optical reflectance, the transition was observed as a sh
decrease in reflectivity, ultimately leading to a reflectan
spectrum that matched that of a thin metal film. The tra
sition could be reversed by expanding the barriers of t
Langmuir trough.
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In this paper, we utilize impedance spectroscopy (IS)
probe, at low frequencies, the charge transport mechani
of the same films as they are compressed at the air-w
interface. We find that, forDy2r . 1.3, the film is well
described as an equivalentRC circuit. For1.2 , Dy2r ,

1.3, we find that the characteristic time constant of th
RC circuit decreases rapidly with decreasing interpartic
separation. BelowDy2r ­ 1.2, we find that the film
undergoes a transition from an equivalentRC circuit to an
inductive circuit. These transport data are correlated w
optical reflectance measurements for the same compres
run, and the switch from a capacitive to an inductive circu
correlates with the reflectance signature that was ascri
previously to the metal-insulator transition [6].

IS has been used extensively to study localized co
duction in solid electrolytes, ceramics [8], and disorder
metal nanocrystal powders [9] as well as electrolyte s
lutions [10]. One important property of IS, as com
pared with simpler dc or ac conductivity measurements
the ability to distinguish between electrode material (a
other interface effects) and bulk responses, using diff
ent impedance-related complex functions [8]. This is e
pecially important in our system, where it is necessary
separate the response of the film from that of the wa
subphase.

While the optical electromagnetic wave interaction wi
the silver nanocrystal films is dominated by the plasma o
cillations of the free electrons in the particles, the rad
frequency to the far-infrared regime should be more se
sitive to long range conductivity. We therefore expect
observe transport signatures and characteristic time sc
that correspond directly to the conduction electrons
the films.

In the present experiments, we prepare propanethiol p
sivated 35 Å diameter silver QDs with a narrows,10%d
size distribution as previously described [6]. After sprea
ing the particles on the water subphase of a Langm
trough, the barriers are slowly closed, compressing
© 1998 The American Physical Society 3807
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nanocrystal monolayer. We measure the surface press
isotherm as a function of film area, the complex admi
tance, and the optical reflectance of the system. We th
correlate the optical signatures of the changes in the mon
layer during compression to the low frequency admittan
data. For the complex admittance measurements, t
platinum wire electrodes were dipped into the film unt
just touching. Prior to the experiments, the electrodes we
passivated with dodecylamine to make them hydrophob
thus minimizing the water/electrode contact angle and co
tact area, and maximizing electrode-particle affinity.

The admittance was measured by a HP4284ALCR
meter in the frequency range 10 kHz to 1 MHz. We hav
tried both two- and four-terminal configurations. Four
terminal measurements could not yield reliable pha
information since the interface impedance at the curre
terminals was much higher than the bulk film impedanc
The results presented in this paper were therefore tak
using a two-electrode setup, at frequencies above 10 kH
where the water double layer response is small. Prior
particle spreading, we record the pure water contributio
to the admittance.

For the optical measurements, a fiber coupled, UV
visible diode array spectrometer is used, as in Ref. [6
to record reflectance spectra of the film at a 35± angle of
incidence as the film is compressed. Typically, 30 spec
are recorded during a compression run, and correla
to both the film state as inferred by the pressure-ar
isotherms, and to changes in the complex admittance.

In the data analysis, we assume that the nanocrys
film complex admittancesYpd is separable from the
measured total admittance since we are only interes
in changes in the impedance spectrum with decreas
interparticle separation. Following this, we model th
water/film system as two parallel admittance elemen
This assumption should be valid in our measureme
frequency range (10 kHz–1 MHz), where there is n
significant interference from the water double layer a
the electrodes, and charge transfer at the water-parti
interface is improbable. A second assumption, which
general to most IS experiments, is linear response. W
therefore keep the excitation voltage#200 mV.

After subtracting the water contribution from the com
plex admittance signal, the data are transformed to d
ferent impedance-related functions such as the comp
impedance

Zp ­
1

Y p
(1)

and complex dielectric modulus

Mp ­ jC0vZp, (2)

wherej ­
p

21, C0 is the geometric capacitance of the
cell defined by the electrodes and film, andv is the angu-
lar frequency. The dielectric modulus is the inverse of th
more familiar complex dielectric permittivity. The com-
plex dielectric modulus is a particularly useful functiona
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form to plot the impedance data when conductive syste
with relatively low capacitance are studied [11]. Meta
nanoparticles in this size regime have typically a capa
tance of the order of10219 to 10218 F per particle [12].
We present our results in the complex modulus plane
Fig. 1(a).

Figure 1(b) shows the compression isotherm for t
same experiment. Points corresponding to the curv
plotted in Fig. 1(a) are indicated. We have previous
employed transmission electron microscopy to extensiv
characterize Ag quantum dot monolayers [2,5,6]. We ha
reported on how various parameters such as ligand s

FIG. 1. (a) Plot of the frequency dependent dielectric mod
lus, in the complex plane, for a monolayer of 3.5 nm diamet
propanethiol capped Ag quantum dots. The particle film r
sponse is characterized initially by anRC equivalent circuit, in
conformity with a picture of localized conductance. As the pa
ticles are compressed to a separation of less than 6 Å, the
becomes inductive, indicating the presence of metalliclike tra
port in the film. (b) The Langmuir isotherm of the monolaye
compression, with labels corresponding to the various curv
in the top graph. Although the isotherm indicates a collap
near 130 cm2 film area, the collapse is heterogeneous, occu
ring only at the mobile barriers. The central region of th
film, where transport measurements are carried out, remains
uncollapsed monolayer.
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particle diameter, and monolayer compression correla
to interparticle separation distance, and how interpartic
separation distance correlates to the optical properties
the films [7]. Based on those studies, and the optical a
isotherm data for the present experiment, we estimate
distance between the surfaces of the metal coresd ­ 10 Å
for the continuous, uncompressed monolayersDy2r ­
1.3d andd ­ 5 Å at full compressionsDy2r ­ 1.14d.

At low compression, we observe distorted semicircle
in the complex modulus plane. The system can b
represented by an equivalent parallelRC circuit [13], as
in the simple Debye relaxation model [14], wheret ­
RC is the dielectric relaxation time. Disordered system
typically are better described by a distribution ofRC
values [13]. Since our particle films are reasonably we
ordered, we expect a narrower distribution of relaxatio
times. Nevertheless, the distortion in the semicircles
Fig. 1(a) indicates that there is a superposition of
least two semicircles that leads to the observed curv
indicating at least two different time scales influencin
the response. We therefore fitted the curves in Fig. 1(
using the relations

M 0 ­ Ai
svtid2

1 1 svtid2
, M 00 ­ Ai

vti

1 1 svtid2
,

i ­ 1, 2 , (3)

whereM 0 andM 00 are the real and imaginary component
of the dielectric modulus, respectively. The amplitude
A1,2 and the conductivity relaxation timest1,2 are free
parameters. The fits are included in Fig. 1(a) as lines.

The slower fitted relaxation timet2 and its amplitude
A2 are nearly independent of compression. We conclu
that this component represents an interface effect, pro
bly representative of an electrode-particlesRC equivalent
circuit. In Fig. 2, we present the change only in the cha
acteristic bulk film parameters,t1 andA1, as the film area
decreases.

The bulk relaxation time decreases sharply at the la
part of the compression, as its relative contribution in
creases. The increase in semicircle radii along compr
sion in Fig. 1(a) is due to an increasingA1. These radii
are proportional to1yC. Based on the behavior of the
radii, there is a slight increase in capacitance at the b
ginning of compression, as the film becomes continuo
(percolating).

t1 begins to decrease below a film area of abo
120 cm2. As the film is compressed from an area of 12
to 55 cm2, there is a very small decrease in interpartic
separation. Although the isotherm shows a slope chan
that is indicative of monolayer collapse near130 cm2,
visual inspection revealed that the collapse was hetero
neous, occurring only at the mobile barriers. Most of th
reduced film area is due to particle buildup at the barrie
In the central region of the film, where the optical an
electrical properties are probed, there is no collapse. W
estimate from the details of the isotherm, coupled wi
te
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FIG. 2. A plot of relative amplitudeA1 (squares) and charac-
teristic time constantt1 (circles) of the dielectric modulus of
the QD monolayer. As the monolayer is compressed, the tim
constant decreases, possibly corresponding to a faster elect
tunneling rate. Below about65 cm2 film area, the time con-
stant appears to invert. In fact, this is the point where th
film becomes inductive, and we are no longer able to extract
meaningful time constant.

previous probes of similar films with electron microscopy
that between 120 and55 cm2 there is a change of only a
few percent inDy2r.

Our fit of Mp for the plots in Fig. 1(a) to capacitive
tunnel junctions becomes unreliable below a film area o
70 cm2. At this point appears the most striking feature
The real part ofMp becomesnegative. Such a situation
is not possible within the parallelRC model [Eq. (3)],
and argues that the film has become inductive [top left o
Fig. 1(a)].

If we assume that we have an insulator-metal transitio
at a film area near60 cm2, then we should have macro-
scopic metallic conduction pathways through the film an
the capacitive behavior of the tunneling current shoul
be replaced by the dominating inductive impedance of
metal film. The inductive current is 180± off the capaci-
tive current phase, and should therefore contribute neg
tively to the real part ofMp. We therefore use a series
RSLS equivalent circuit to represent the film at the las
part of compression, using

M 0 ­ 2C0LSv2, M 00 ­ C0LS
v

tL
, (4)

wheretL ­ LSyRS .
The two fitted curves for area­ 59, 55 cm2 shown in

Fig. 1(a) are superpositions of one parallelRC circuit
(representing the interface contribution—t2, A2) and one
seriesRSLS circuit. Note that the fit is only qualitative,
since we can obtain only the ratioC0LSytL in the fit,
without resolving its individual contributions. TheRC
contribution to the fit is negligible at this point and was
included for consistency with the low compression curve

Two optical observations lend support to the insulato
metal transition picture. A set of reflectance spectr
3809
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collected simultaneously to the impedance measureme
presented in Fig. 1(a) is essentially the same as shown
Fig. 4 of Ref. [6]. The reflectance spectra, showing th
particle plasmon resonance feature, increases in intens
at the initial stages of compression. As the film are
is decreased below120 cm2, the reflectance starts to
drop. With continued compression, the particle plasmo
resonance is eventually lost, and the reflectance spectr
will match that of a thin metal film.

The second observation was that, for area,70 cm2, we
could observe, at normal incidence, the film attaining
shiny, silver metallic luster which, for certain of the films
spread homogeneously over the film area. The appeara
and disappearance of the luster is reversible, as are
changes in the 45± reflectance spectra.

As interparticle separation is reduced, the data su
gest that the mechanism of charge transport changes fr
hopping to tunneling to metallic transport. “Hopping”
conductivity and tunneling are both characterized by a
energy barrier, but with little or no energy difference be
tween the initial and final states. When the film become
continuous (percolating) around200 cm2, thermally ac-
tivated hopping conductivity is the dominant transpo
mechanism, and tunneling is a relatively minor compo
nent [4]. Between 200 and120 cm2 s1.3 . Dy2r .

1.2d, there is very little change in the complex modu
lus plots, indicating that the conductivity mechanism doe
not change. In the range120 65 cm2 sDy2r , 1.2d,
the characteristic time constantt1 of the RC circuit be-
gins to decrease. One interpretation is that a decreas
t1 represents an increasing tunneling rate between sin
particles. An alternative explanation is that there is suffi
cient charge delocalization within the film that this rat
represents variable range hopping of electrons betwe
more extended domains. Whatever the case, the co
plex modulus plots that correspond to this region of th
isotherm are consistent with individual particles couple
to one another through anRC circuit, such as that shown
at the top right of Fig. 1(a). Below65 cm2, however, this
picture of individual particles is no longer valid, as the cir
cuit has become inductive. This is consistent with meta
lic conductivity pathways. This change from a transpo
picture based on single particles to one based on a me
lic film is analogous to what is observed in the reflectanc
spectra in which the plasmon resonance signature of
spherical silver particle gives way to the reflectance spe
trum of a bulk film.

The role of order-disorder to the metal-nonmetal trans
tion for our system of nanoparticles is not clear. We hav
investigated monolayers that are characterized by bro
particle size distributions, and, although the reflectan
spectrum of such films indicates strong dipole-dipole co
pling effects, we have never observed such films to u
dergo a metal-insulator transition. Nevertheless, even o
“best” films exhibit a certain amount of disorder. The
(Coulombic) site-charging energys´cd that characterizes
3810
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our “artificial atoms” of silver QDs is larges´c , 0.2 eVd
relative to the expected single electron energy lev
spacing within a single particles,5 meVd, and makes
our system unique within the context of metal-insulato
transitions. ´c may also be large in comparison to en
ergies that characterize the disorder in this system, su
as particle size distributions and variations in local chem
ical environments. As such, it may effectively exclud
a disorder driven, Anderson-type transition from our sys
tem [15]. Sincé c ¿ kT at room temperature, this sys-
tem should be well below the critical temperature for th
existence of a first order metal-insulator transition. Th
would constitute a Mott transition [16,17] under ambien
conditions, which would be most exciting. Hall effec
and microwave dielectric measurements are currently b
ing carried out in order to further test these possibilities.
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