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Abstract. Scanning tunneling microscopy (STM) and spectroscopy (STS) have been used to determine
the structural and electronic properties of thiol-passivated 29000 amu gold nanocrystals, both individually
and in spontaneously formed quasi-two-dimensional arrays. Experiments were performed at temperatures
of 300 K, 77 K, and 8 K. Even at room temperature, tunneling through these 1.7 nm nanocrystals is shown
to give rise to a Coulomb blockade. At cryogenic temperatures, the spectroscopy of the nanocrystals in
arrays and in isolation shows an incremental charging effect (the Coulomb staircase) and evidence is found

for quantization of the electronic states.

PACS. 61.46.+w Clusters, nanoparticles, and nanocrystalline materials — 71.24.4-q Electronic structure
of clusters and nanoparticles — 73.61.Tm Nanocrystalline materials

1 Introduction

Nanometer-scale clusters of materials have demonstrated
great potential for a variety of applicatons ranging from
catalysts [1,2] to novel optoelectronic [3] and electronic
[4] devices. Nanometer crystallites (nanocrystals) are also
interesting because their properties may be dominated by
electron correlations that are often ignored in the bulk
material. Metal clusters in particular must be understood
from a scale at which their properties are best described
by an itinerant electron picture down to sizes where a
molecular orbital approach is more appropriate.

Metal nanocrystals, passivated by an adsorbed mono-
layer, represent the transitional regime between the bulk
metal and metal-cluster compounds, where bulk proper-
ties of the material begin to change due to finite-size effects
[8,9]. Typical passivated metal nanocrystals investigated
include Au [10-12], Ag [13,14] and Pt [15-17]. They are
generally passivated with a layer of organic adsorbates
that serves to stabilize the cores by protecting them from
aggregation and sintering.

It has been shown that passivated Au nanocrystals
have crystalline cores that come in preferred sizes [10].
The discretization of possible core sizes is due to the ener-
getics of both surface faceting for a finite crystal and the
distribution of electronic states. This effect is strongest for
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the smallest core sizes where both electronic and atomic
shell closings produce the most pronounced thermody-
namic minima. In the size range 1-2 nm diameter, a family
of stable nanocrystals has been found with crystalline Au
cores consisting of up to ~ 250 Au atoms, the surfaces of
which are passivated by a monolayer of alkane thiols [8].
Members of this family have been studied using a number
of techniques including mass spectrometry [18], powder X-
ray diffraction (XRD) [8], optical absorption spectroscopy
[9], electrochemical voltammetry [19,20] and nuclear mag-
netic resonance [21].

A major goal of our ongoing work to fully character-
ize these new materials is to measure nanocrystal elec-
tronic structures in order to determine the factors that
govern their stability. This paper presents initial results
of these investigations by scanning tunneling microscopy
(STM) and spectroscopy (STS) on the 29000 amu (29k)
thiol-passivated Au nanocrystal, which is currently the
most highly characterized member of the aforementioned
family. These nanocrystals have a mean core diameter of
1.7 nm [21] and their mass is known to +2000 amu [18].

Figure 1(a) shows the idealized geometry of the exper-
iments described in this work. It is similar to other tun-
neling experiments on passivated [22] and unpassivated
[23,24] nanocrystals, and the results also relate to single-
nanoparticle tunneling experiments employing microfab-
ricated junctions [25-28]. As demonstrated by these and
other experiments, a universal feature of tunneling cur-
rent versus voltage (I-V') spectra from such small metal
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Fig. 1. (a) Schematic of the STM experimental geometry. The
shaded ring represents the adsorbed dodecanethiol monolayer.
(b) Equivalent circuit used as a basis for modeling the current-
voltage characteristics of the experimental system.

particles is Coulomb charging [7], which serves to com-
plicate density-of-states measurements. For macroscopic
electrodes, tunneling I-V (or dI/dV) functions are closely
related to the one-electron density of states in the elec-
trodes. By contrast, for submicron- to nanometer-scale
particles the electron addition energy may be dominated
by Coulomb correlations and cannot be associated directly
with the one-electron energy spectrum of the neutral clus-
ter. However, when the wave functions of the particle are
delocalized, excess charge always lies near the surface, and
the dominant Coulomb correlations can be treated as a
classical charging energy e?/C, where C' is a constant ef-
fective capacitance for the particle. The resulting regularly
spaced charging steps in the tunneling I-V spectrum are
then described by the “orthodox theory” of single electron
tunneling [4-7]. Within this theory, the two tunnel junc-
tions formed by insulating gaps between the nanoparticle
and the macroscopic electrodes are modeled after the cir-
cuit shown in Figure 1(b). The capacitors in this model
are ordinary circuit elements, but the resistors pass charge
only in discrete increments and are determined by the
tunneling rate for a definite, integer charge-state of the
nanoparticle.

The orthodox theory has been quite successful at de-
scribing the charging behaviour of larger metal particles.
However, for very small particles the spacing of energy lev-
els in the cluster can become comparable to the charging
energy (and larger than kgT), thereby complicating the
spectra. For such cases, the tunneling spectra should show
features related to the density of states of the particular
cluster or nanocrystal under study, embedded within the
Coulomb staircase. However, the extraction of the den-
sity of states of the nanocrystal from such tunneling I-V
spectra is an open question in current research [7].

In the present work, 29k nanocrystals have been im-
aged and spectroscopically analyzed under vacuum us-
ing STM and STS at 300 K, 77 K and 8 K on Au(111)
and graphite substrates. The imaging gives some insight
into interactions between the nanocrystals and the sub-
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strate, as well as between the nanocrystals themselves.
Low-temperature I-V spectra presented here show multi-
ple Coulomb charging features for isolated nanocrystals,
and even for those within nanocrystal islands. At room
temperature, the Coulomb staircase is less obvious, but
appears to be present in some of the data. The thiol elec-
tronic structure does not appear to distort the I-V spectra
at the energies of interest here, since alkane thiols have a
large energy gap and no localized states at low tunnel
voltages [29]. Spectra were modeled using the orthodox
theory of single-electron tunneling in order to extract the
charging energy and other model parameters. Finally, fine
structure observed between charging steps in the I-V spec-
tra is attributed to the quantization of energy levels within
the nanocrystal.

The remainder of the text covers the experimental
conditions, STM imaging results, and tunneling spectra,
concentrating separately on spectroscopic features due to
Coulomb charging and the quantization of levels.

2 Experimental

Au nanocrystals, each with a mass of ~29k and a passivat-
ing layer of dodecanethiol, were prepared [13] and purified
[10] via wet chemical methods that have been described
previously. Mass spectrometry indicated a standard devi-
ation of less than 2000 amu in the nanocrystal core mass,
which corresponds to at most 10 gold atoms. This leads to
an estimate of 147410 Au atoms in the core, correspond-
ing to a diameter of 1.684+0.04 nm assuming bulk density
and a spherical core [21]. The nearest-neighbour distance
in a body-centered cubic superlattice of these nanocrys-
tals has been measured to be 3.154+0.02 nm using powder
XRD [21].

Substrates for the tunneling experiments were either
highly oriented pyrolytic graphite (HOPG) or atomically
flat Au(111) on mica [30]. Nanocrystals were pipetted onto
the substrates in submonolayer quantities from a solution
of nanocrystals dissolved in toluene and allowed to dry
slowly at room temperature. Room temperature images
and tunneling spectra were acquired using a scanning tun-
neling microscope mounted inside an ultrahigh vacuum
system [31]. The 8 K measurements used a newly devel-
oped ultrahigh vacuum STM [32], and 77 K measurements
were performed in a low vacuum instrument described pre-
viously [33]. Freshly deposited nanocrystal samples were
placed on each microscope without further surface prepa-
ration or heating. STM imaging was done at high tunnel
gap impedance (1-100 Gf2) to minimize tip interactions
with the sample.

3 Imaging

3.1 Results

Figure 2 shows a room temperature STM topograph of
Au nanocrystal islands on HOPG. The fractional surface
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Fig. 2. Top: STM topograph of gold nanocrystal islands on
HOPG (tunnel current 10 pA, substrate-tip voltage —1.0 V)
for a deposition of ~ 0.05 ML. The larger island has nucleated
at a 1 nm cleavage step, the others on a flat terrace. Streaks
are due to the motion of nanocrystals across the HOPG sur-
face. The framed area corresponds to the high resolution image
of Figure 3. Bottom: Profile of surface height across the line
segment marked in the image. The lowest region of the pro-
file corresponds to the HOPG surface. The island height and
the depth of the defect in the profile indicate that the island
is 2 ML high. A small 1-ML island appears in the lower left
quadrant of the image (arrow).

coverage of nanocrystals is approximately 0.05 monolayers
(ML), where one ML is defined as the density of a close-
packed layer of 3.15 nm diameter hard spheres (1.16x10'?
nanocrystals/cm?). The larger of the two islands has nu-
cleated at a 1.2 nm high cleavage step while the smaller
has nucleated on a terrace. Larger images show a similar
trend: nanocrystals are found in isolated islands on atom-
ically flat terraces, or decorating the lower side of a cleav-
age step, with a few very large islands also found along
these steps. For this coverage, the mean island separation
was 200 nm. The large island in Figure 2 is 3.8 0.5 nm
high, as determined from an area average over the lower
half of the island. Other islands on the surface are of sim-
ilar height. A height profile that crosses both a region
of bare HOPG and a defect in the island is also shown
in Figure 2. The depth of the defect (~ 1/2 the island
height) suggests that the island consists of more than one
nanocrystal layer. Finally, it can be seen that over much
of the HOPG surface lying outside of the islands, distinct
streaks (typically 2 nm high) extend along the fast scan
direction of the STM raster image.
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Fig. 3. Top: STM topograph over the framed area shown in
Figure 2, under the same tunneling conditions. Local ordering
of the nanocrystals is apparent, though the periodicity varies
by up to 20%. Variations may be due to different packing of the
nanocrystals and their alkane thiol “bundles,” disorder in the
underlayer, and defects in the nanocrystal superlattice. Bot-
tom: Height profile along the line marked in the image. The
zero level corresponds to the HOPG surface, as determined
from Figure 2.

The packing structure of nanocrystals within an island
is revealed in Figure 3, which is an STM image acquired
over the area shown framed in Figure 2. Local hexago-
nal order is apparent in the image, with a mean nearest-
neighbour distance of 3.8 nm, varying by +10% from one
region to another in Figure 3. The height of the top layer of
nanocrystals varies by +15% across the island, and there
appears to be a correlation between the high regions and
those of large nearest-neighbour spacing.

3.2 Discussion

Several qualitative conclusions can be made from the re-
sults presented in Figure 2. First, the nanocrystals are
quite mobile on HOPG. This is a necessary requirement
for the formation of well-separated islands. The mean dif-
fusion length must be comparable to the separation be-
tween nanocrystal structures. Recent theoretical results
[34] attribute the high mobility to a weak alkyl-surface
interaction. Of course, the actual deposition process is
quite complex since the aggregation and mobility of the
nanocrystals may be influenced by the toluene solvent. It
is possible that the solvent plays a dominant role in the
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formation of the nanocrystal structures, i.e. the islands
could nucleate in the bulk of the fluid or at the air/solvent
interface before settling on the substrate. However, the ob-
servation of nanocrystals decorating cleavage steps on the
graphite surface supports the notion that surface mobility
of individual nanocrystals determines much of the result-
ing island structure.

From other images and accompanying spectra, we con-
clude that the streaking seen in Figure 2 is due to mobile
nanocrystals that have broken free of the islands. Spec-
tra acquired over the clean surface are metallic in nature,
whereas those taken over a streak show features charac-
teristic of a nanocrystal located between the tip and sub-
strate. Height data are consistent with a 1.7 nm nanocrys-
tal core a few A from the surface [34], whose layer of pas-
sivating molecules adds little to the topographic displace-
ment during imaging [29]. At an imaging temperature of
8 K the streaks are fewer in number, but still occur. There-
fore, most of these events are initiated by interaction with
the STM tip as opposed to simple thermal detachment
from the islands (note also how the streaks tend to termi-
nate on a nanocrystal island).

The larger island in Figure 2 has an average height of
approximately 3.8 nm. We believe that this cannot cor-
respond to a single layer of nanocrystals for a number of
reasons. First, the measured heights of individual, immo-
bilized 29000 amu nanocrystals have been measured to
be about 2.5 nm [35]. This is significantly smaller than
the average height of the island, indicating the presence
of more than one monolayer of material. Further evidence
can be found by considering the depth of the depression
shown in the images and profiles of Figures 2 and 3. The
depression is about 2 nm deep, corresponding to ~ 1/2
the island height, and in the profile of Figure 3 the top of
a nanocrysal can be just seen at the bottom of the depres-
sion. Also, the topography of the island varies much more
than one would expect from a close-packed monolayer of
nanocrystals on HOPG [36]. Considering these height vari-
ations and the mean heights of the islands, we conclude
that they consist of poorly ordered bilayers. A few very
small, monolayer-high islands can be found on the surface
(see Fig. 2, lower left), though they appear to be far less
stable than the bilayer islands.

Figure 3 appears to show some polydispersity in this
bilayer island, with the nanocrystals tending to segregate
and order according to their apparent size. The variation
of nearest-neighbour spacing in the island is larger than
can be accounted for by changes in the nanocrystal core
size, since careful mass spectroscopic analysis of the sam-
ple indicates variations in mass of 3.4%, implying only
1.1% deviations in core diameter [18]. One possible expla-
nation is that the image does not reflect the true nanocrys-
tal spacing in the island. This could be because of direct
tip interaction with nanocrystals in the island, or because
local changes in the current-voltage characteristics change
the apparent height of some areas. Neither mechanism can
be excluded, but even if the STM image does not map
the true height, the nanocrystal packing is clearly inho-
mogeneous. It is also difficult to construct a mechanism
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by which the periodicity of an entire region in the image
could differ substantially from the actual periodicity in
that region. Isolated high spots often appear very wide in
the STM due to wave function spreading and the finite
size of the tip, but a periodic structure will simply de-
crease in amplitude as a result of these effects. Therefore,
we believe that the observed variations in periodicity are
real.

The fluctuations in both periodicity and height are
related to imperfect packing of nanocrystals in the top
and underlying layer. The interaction between nanocrys-
tals is dominated by the hydrocarbon interaction energy
[34]. The 3-dimensional (3D) structure is driven largely
by this interaction and the interdigitation of alkane thiol
“bundles” on the facets of each nanocrystal core [34,37].
Thin films and powders of these nanocrystals have been
found by small angle XRD [10] and by molecular dynam-
ics simulations [34] to form body-centered cubic (bcc)
superlattices. The small angle XRD data show that the
films grow oriented along the [110] direction. Conversely,
STM micrographs such as Figure 3 show a preferential
hexagonal local ordering of the nanocrystals at low cover-
age. It appears that the nanocrystals prefer to be nearly
close packed in monolayer films [36], but as more lay-
ers are added, the orientation of the nanocrystals and
the consequent interdigitation of their passivation layers
must determine the packing, making bcc the energetically
favourable structure for the 3D superlattice. The islands
shown in Figures 2 and 3 may be at a transitional stage
where the orientational ordering of nanocrystals is de-
termined partially by the substrate and partially by the
bulk orientation required to achieve bce packing. Any non-
uniform orientation of nanocrystals in the island leads to
inconsistent packing and interdigitation and thus variable
nearest-neighbour spacing.

4 Spectroscopy: Coulomb charging
4.1 Results

Room temperature spectroscopy has been performed on
the multilayer island of Figure 3, as shown in Figure 4.
I-V spectra were taken at the points labeled in the image
at the top of Figure 4, using the method of interrupted
feedback [38]. The positions of spectra 1 and 2 were chosen
to lie between nanocrystals in the image, while spectra 3
and 4 lie directly over nanocrystal maxima. Two spectra
from “clean” regions of the HOPG substrate (i.e. regions
with no streaks) are also shown at the bottom of Figure 4
for comparison. The nanocrystal I-V spectra are clearly
not Ohmic, showing a gap with zero slope about the zero of
sample bias, while the HOPG spectra are characteristic of
tunneling between macroscopic metal electrodes, showing
a finite slope at zero bias. Dashed lines in Figure 4 show I-
V curves acquired after pushing the STM tip 0.1 nm closer
to the sample. These data confirm that the gap remains in
the nanocrystal spectra even when the current sensitivity
is increased by decreasing the tip-sample distance.
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Current versus voltage spectra with substantially more
pronounced current steps have been acquired at a tem-
perature of 77 K. Figure 5 presents four spectra from
a Au(111) sample prepared with a very low coverage of
nanocrystals (< 0.01 ML). Nanocrystals were observed at
grain boundaries on this sample, but the spectra shown
did not correlate with any nanocrystals in the images.
Consequently, we believe that this nanocrystal was ad-
sorbed to the end of the gold STM tip. Six steps in the
current, evenly spaced at 327+2 mV increments, are seen
in each spectrum. A fit to curve (d) is shown as a dashed
line in the figure.

4.2 Discussion

The distinct steps and zero bias gap observed in the
low-temperature spectra of Figure 5 are clear indications
of single-electron charging of the nanocrystal [4-7]. This
Coulomb blockade is a well-known manifestation of the
finite energy required to change the charge on a small
electrode by a single elementary charge e. The Coulomb
staircase spectra presented in Figure 5 are among the few
for which the particle size is separately known, though
the adsorption geometry on the STM tip is still uncer-
tain. For the present case of passivated nanocrystals, the
observation of equally spaced charging steps is particu-
larly important, because it indicates that the effective ca-
pacitance C' remains constant with charge, as should be
the case for itinerant charge distributed over the outer
surface of a metallic core [39]. Electrons localized in the
thiol adsorbates (or at specific sites in a nonmetallic core)
would be very unlikely to produce equivalent charging en-
ergies over the £3-electron charge range measured in this
work. Consequently, we view the passivation layer as an
insulator that changes the nature of the evanescent states
in the tunnel barrier without locally binding any charge.
Furthermore, no indications of thermally activated trans-
port (e.g. through localized trapping states) have been
apparent in our measurements from 8 K to 300 K. Note
that the evanescent states may still affect the distribution
of charge on the nanocrystal/thiol complex, in a man-
ner analogous to the “metal-induced gap states” that cre-
ate the dipole layer at a metal/semiconductor interface
[40]. However, the equally-spaced charging steps show that
any charge in the thiol layer must be delocalized, with
successive electrons (holes) occupying orbitals of similar
spatial extent. Recent calculations on smaller passivated
nanocrystals support these conclusions [41].

In order to further quantify the charging effects ob-
served at 77 K, the analytical expressions of Amman et
al. [6] have been used to model the spectra of Figure 5.
The multiparameter least-squares fit is based on the dou-
ble tunnel junction model depicted in Figure 1(b). In this
model, the capacitances C; and Cy determine the energy
required to charge the nanocrystal and the division of volt-
age across the junctions, while the resistance parameters
determine the tunnel rates. The dashed line in Figure 5
represents the best model fit of curve (d), using the pa-
rameters C; = 0.59 aF, C; = 0.48 aF, Ry = 3 MJ{2,
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Fig. 4. Room temperature I-V spectra taken over the island
shown in Figures 2 and 3 at positions marked in the simulta-
neously acquired image at top (servo: tunnel current 10 pA,
substrate-tip voltage —0.75 V). Spectra 1-4 show a distinct
gap around zero tunnel voltage, for positions that lie either
between nanocrystals (1,2) or over nanocrystals (3,4). This is
the Coulomb blockade. Dashed lines show spectra taken with
the tunnel gap reduced by 0.1 nm, showing that the gap re-
mains. For comparison, two I-V spectra taken over the bare
graphite surface are displayed at the bottom to show the finite
slope at zero tunnel bias. Note that spectra 3 and 4 appear to
show steps in the current as well.

Ry =3.0 G2, Qo = —0.19¢, Tegr = 83 K (Qp is the quies-
cent charge on the nanocrystal, Teg the effective temper-
ature). The fits typically returned an unreasonably small
value for Rp, but the quality of the fit became very insen-
sitive to this parameter below a threshold value (as found
also by others [42]). Analysis of the mean-square error for
the fit versus Ry gave a threshold value of approximately
3 M2, above which the fitting error increased rapidly.
The spectroscopic results presented here are analo-
gous to gas phase electron affinity and ionization potential
measurements of metal clusters. In gas phase measure-
ments, stripping of electrons is easily achieved whereas
experimental measurements of the electron affinity have
only succeeded for the removal of a single excess electron
[43]. With STS measurements, however, both positive and
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Fig. 5. Successive 77 K spectra (a)-(d) of what is believed
to be a single nanocrystal adsorbed on the STM tip (servo:
0.5 nA, 1.0 V). Six reproducible steps are apparent in the se-
ries of spectra, with a mean step spacing of 327 mV. This is
the Coulomb staircase, where each step occurs at a voltage
necessary to change the average charge on the nanocrystal by
one electron. The dashed line is a fit of the orthodox model to
spectrum (d).

negative charge states can be obtained for multiple excess
charges. This is a consequence of the different electrostatic
environment for the metal cluster, which includes thiol ad-
sorbates and the proximity of two conducting electrodes.
The data in Figure 5 show that the nanocrystals remain
stable as they are charged reversibly up to at least the
third positive or negative charge state. Results from the
fits can be used to obtain the charge addition energy of the
nanocrystal by accounting for the voltage division between
the two junctions [25], i.e. Egtep = Vatep X €C1/(C1 + C2)
for Rs >> R;. An experimental charging energy of
AE.=167 meV was determined from fits to the four spec-
tra shown in Figure 5.

Gas phase measurements (isolated clusters) are typi-
cally compared to the droplet (conducting sphere) model
[44], which predicts that transitions between charge states
are evenly spaced in energy by e?/r, the classical Coulomb
charging energy for a conducting sphere of radius r. The
regular spacing of ionization energies and electron affini-
ties indicates that the distribution of charge on the clus-
ter is nearly classical, and that any discrete quantum lev-
els must be spaced in energy much more closely than the
Coulomb energy. For electron transport in mesoscopic de-
vices, a comparable picture has been called the “constant
interaction” model [7,45]. In this model the many-electron
correlations are treated as a classical Coulomb charging
energy AFE,. that can be separated from the one-electron
spectrum of energy states. As for the droplet model, evenly
spaced charging features in the tunneling spectra (ob-
tained by adding or removing electrons from the nanocrys-
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tal) imply that the charging can be treated classically and
that the energy level spacing is negligible compared to the
charging energy.

Considering the low-temperature observation of a
Coulomb staircase, it is clear that charging effects are im-
portant for the 29k Au nanocrystals. In fact, the charg-
ing energy measured at 77 K is much greater than kgT
even at room temperature, so that for a similar experi-
mental geometry the energy cost of transferring an elec-
tron to the nanocrystal should be expected to affect room
temperature spectra also. In Figure 4, the zero bias gap
seen in spectra acquired over the multilayer island (1-4)
is undoubtedly due to the Coulomb blockade. Note that
the magnitude of the room temperature blockade region
is similar to that at 77 K, even though the geometry is
somewhat different than for the single nanocrystal dis-
cussed above. The observation of a similar Coulomb gap
at positions both between (spectra 1 and 2 in Figure 4)
and over (spectra 3 and 4) nanocrystal maxima is consis-
tent with a picture in which excess charge resides only on
the nanocrystal core.

The Coulomb staircase is more difficult to observe at
elevated temperature than the Coulomb blockade. Never-
theless, recent tunneling spectroscopy results [24,46] have
shown that multiple charging levels could be discerned
even at room temperature for single nanocrystals of a
size similar to those studied in this work. Multiple charge
states (—5... + 4) have also been detected at 300 K via
electrochemical measurements on large ensembles of 29k
nanocrystals [19]. Close examination of spectrum 3 in Fig-
ure 4 shows that even in this superlattice environment, a
faint Coulomb staircase can be observed. Since the step
shape is affected by the tunneling parameters, it may be
possible to find a regime where the Coulomb staircase is
more easily visible in room temperature tunneling to such
multilayer islands.

5 Spectroscopy: Quantization of levels

5.1 Results

In addition to charging steps, I-V spectra acquired over
the 29k nanocrystals at 77 K typically show smaller fea-
tures in the regions between charging steps. These fea-
tures become more apparent in plots of dI/dV versus V,
as shown by the thick solid line in Figure 6, which is the
numerical derivative of curve (d) from Figure 5. The thin
solid line in this figure is the same spectrum, but offset
vertically and shifted by 327 mV, corresponding to the
charging energy AFE. = 167 meV. Vertical lines between
the two curves show that some of the fine structure on
the negative bias part of the spectrum repeats from one
charge state to the next.

In order to verify that such fine structure is not simply
tunneling noise, spectra were acquired in sequential for-
ward and reverse voltage sweeps at temperatures of 77 K
and 8 K. The 77 K dI/dV spectra shown in Figure 7
were obtained in a single forward/reverse cycle for a 29k
nanocrystal adsorbed to the STM tip. The 8 K spectra



T.P.

2.0 § 7 22!
1.5 b
S
<
£ 10 _
>
S
o
0.5 b
0.0 . N . . Ll .
-1.0 -0.5 0.0 0.5 1.0

Substrate Potential (V)

Fig. 6. Thick solid line: Numerical derivative of spectrum (d)
from Figure 5 using an effective filter width of 27 mV FWHM
(approximately Gaussian; equivalent to 14 meV energy width).
Thin solid line: The spectrum shifted by one charging step
and offset vertically for display. Using model parameters given
in the text, the 327 mV shift is due to a charging energy of
167 meV. Long and short vertical lines near -0.4 V mark similar
features in the original and shifted spectra. The repetition of
spectral features on successive charging steps is expected for
those features that are due to quantization of the nanocrystal
energy levels. Within the hatched ranges, comparison of the
spectra is complicated by the Coulomb blockade.

of Figure 8 were averaged over 20 forward/reverse volt-
age sweeps while positioned over a multilayer island on
HOPG. As a consequence of the signal averaging, tran-
sient noise should contribute little to the 8 K spectra.
From the figures, it is clear that fine structure on an en-
ergy scale much smaller than the charging energy is re-
produced in the independent forward and reverse traces,
and has even survived the signal averaging. Therefore we
conclude that the observed fine structure is characteristic
of steady-state tunneling between the tip and nanocrys-
tal. It has been verified that the fine structure peaks are
inconsistent with a simple superposition of Coulomb stair-
cases, therefore the most likely source of these features is
the quantization of energy levels within the nanocrystal.

5.2 Discussion

Before discussing the origin of the fine structure in the
derivative spectra, it is worthwhile to point out again that
the environments of the nanocrystals corresponding to the
77 K dI/dV spectra (Figs. 6 and 7) and the 8 K spectra
(Fig. 8) are different. Also, the effect of coupling among
neighbouring nanocrystals on charging and other spectral
features is not yet fully understood. Presumably it is this
difference in environment, including a change in the equi-
librium configuration of the thiols [34], that causes the
charging energies to be quite different for the spectra of
Figure 6 and Figure 8. In what follows, the discussion fo-
cuses on the case of a single nanocrystal, thus it is most
relevant to the spectra shown in Figures 6 and 7. Figure 8
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Fig. 7. Derivative spectra for forward (—) and reverse (+)
voltage sweeps (numerical derivatives, filter width 27 mV), ac-
quired at 77 K from a nanocrystal believed to be adsorbed
on the STM tip (servo setpoint: 1 nA, 0.5 V; data is from a
different experiment than that shown in the previous figure).
The reverse spectrum has been offset vertically. Spectra shown
are from a single forward/reverse acquisition cycle, where the
tip-sample tunnel gap was decreased 0.1 nm from the gap de-
termined by the servo setpoint. Downward arrows mark the
charging peaks. Most of the fine structure between charging
peaks on the forward trace is reproduced on the reverse, and
there is some repetition of the fine structure from one charge
state to the next, particularly at negative substrate bias.
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Fig. 8. Forward (—) and reverse (+) dI/dV spectra (numer-
ical derivatives, filter width 27 mV) acquired at 8 K over a
nanocrystal within a multilayer island (servo setpoint: 1 nA,
-1.5 V). The reverse spectrum has been offset vertically for
clarity. The spectra shown are averages of 20 consecutive for-
ward /reverse acquisition cycles, where the tip-sample tunnel
gap was decreased 0.1 nm from the gap determined by the
servo setpoint. Downward arrows mark charging peaks that fit
the orthodox model (parameters: C1 = 0.30 aF, C> = 0.21 aF,
R1 =29 M2, Ry = 3.1 G2, Qo = 0.3%, Teg = 28 K). Out
to at least +1 V, fine structure between charging peaks on the
forward trace is largely reproduced on the reverse, indicating
that these small features are not due to random noise fluctua-
tions. The fine structure is apparently a consequence of energy
level quantization in the nanocrystal.
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confirms that the closely spaced features are reproducible
for low bias voltages and gives an indication of the very
complex structure at higher bias.

For tunneling between macroscopic electrodes the
dI/dV spectrum is nearly proportional to the one-electron
joint density of states, because the transfer of a single elec-
tron does not change substantially the Coulomb correla-
tion energy of either electrode, or the occupation of states
[38]. Furthermore, if the tip is known to have little struc-
ture in the density of states, prominent features can be
associated with the sample electronic structure. For the
spectra shown in Figures 6-8, the situation is more com-
plex because a single-electron changes the Coulomb energy
of the nanocrystal by more than 0.1 eV. However, when
changes in electron number are small compared with the
total number of conduction electrons, the density of states
of the charged nanocrystal is close to that of the neutral
cluster, but shifted by the charging energy, and with the
level occupancy varying depending on the electron number
(the rigid band or constant interaction model [7,45]). For
this to hold true, the change in energy of the nanocrystal
must also be much less than the barrier heights in order
to minimize mixing with tip (or substrate) energy states.
Since both assumptions will be satisfied for voltage biases
< 1V, tunneling dI/dV spectra in this region should con-
tain structure closely related to the one-electron density
of states.

In the nearly free electron (NFE) picture, the den-
sity of states of a small metal particle consists of discrete
particle-in-a-box energy levels determined by the size of
the particle. The nanocrystal density of states at Er can
be estimated from the electronic part of the measured
heat capacity for bulk gold [47] as D(Er) = 0.31N/eV,
where IV is the number of atoms. The average energy level
spacing is therefore §(Fr) = 6.5eV/N, assuming spin-
degenerate levels. Thus, for a nanocrystal with N = 145,
0(Er) = 45 meV. This estimate does not take into ac-
count degeneracies that result from the symmetry of the
Au core, which stand to increase the average spacing be-
tween levels. It should therefore be considered an approx-
imate lower bound on the energy level spacing. Note that
this value is larger than the thermal broadening at 77 K
(3.5kgT ~ 23 meV), so that the quantum levels should be
observable, particularly with symmetry-induced degenera-
cies.

Rosch et al. [48] have calculated the eigenstates for
a number of structures, including that of an icosahedral
gold cluster of 147 atoms. They find that the gap between
highest occupied and lowest unoccupied energy levels for
the neutral cluster is about 300 meV, with an average level
spacing of similar magnitude. They also note that the av-
erage level spacing depends strongly on the symmetry of
the cluster, with variations up to a factor 3 for icosahe-
dral and octahedral motifs. Considering that icosahedral
symmetry is higher than decahedral (hence more level de-
generacy), one should expect that the average level spac-
ing in the 29k Au nanocrystal will have an upper bound
of ~300 meV. For low bias voltages, these estimates are
consistent with the 8 K experimental data, which have a
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maximum level spacing of about 150 meV when consider-
ing only the largest of the fine structure peaks (energies
calculated as described in Sect. 4.2). When considering
smaller features, this average is near 50 meV. The 77 K
data have average peak spacings of 25-50 meV, which are
consistent with the NFE estimate.

It remains to consider in more detail the combined ef-
fect of the discrete density of states and finite charging
energy on the actual tunneling spectrum. Recent experi-
ments by others have begun to illuminate this issue [49].
In a semiclassical constant interaction picture [7,45], the
effect on the tunneling is to create a set of channels corre-
sponding to sequential transport through the nanocrystal
with 1,2,3, ... elementary charges resident. The single-
electron channel opens at the first charging step, the two-
electron channel is added at the second, etc. At the open-
ing of each new channel, the density-of-states structure
should repeat itself in the conductance spectrum, though
shifted slightly by the change in level occupancy. Since
lower-order channels remain open, the spectra will become
quite complex after exceeding only 2-3 charging thresh-
olds. Also, at energies where much of the manifold of states
becomes accessible, it is possible for the nanocrystal to be
left in an excited state after discharge [50]. Figure 8 begins
to show very intricate structure for bias voltages above
1 V, possibly due to the wealth of channels and excited
states available. This complicated structure could also be
related to motions of the charged nanocrystal induced by
the high electric field [51].

A search for simplicity in the spectra must begin at low
voltage. Within the first two charging steps in Figure 6,
there is some repetition of spectral peaks and valleys from
one step to the next, most likely due to the quantized
one-electron density of states and its charge-shifted replica
(compare thick and thin lines in Figure 6). The repetition
of features is strongest for negative substrate potential,
as indicated by the vertical lines in Figure 6. For these
voltages, the electron flow is from substrate to nanocrystal
to tip (note that a similar repetition of features can be seen
in Figure 7, and in Figure 6 of Ref. [22] for the same sense
of electron flow through Pt clusters). The asymmetry in
the strength of repetition is most likely a consequence of
the asymmetry in the tunneling probability for electron
tunneling to or from the nanocrystal. Strong repetition
of the density of states features should be expected when
the rate-determining step is electron tunneling from the
nanocrystal. In this case, electron states near the quasi-
Fermi-level in the nanocrystal have the highest tunneling
probability, independent of the charge state. Conversely,
if the rate-limiting step is tunneling to the nanocrystal,
the electrons that contribute most to the current will be
those initially near Er in the negative electrode. These
will be injected into successively higher energy states of
the nanocrystal as the tunnel voltage is increased. For a
given tunnel voltage, the one-electron states sampled will
depend strongly on the charge state of the nanocrystal.

Much work remains to be done in the nanocrystal size
regime where both the charging energy and the quantiza-
tion of levels are important. The observation of repeating
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features in the spectra confirms some of the simple ideas
presented above and indicates possible ways to extract the
one-electron density of states from tunneling spectra, even
though the deviation from one-electron behaviour is not
small. Fine structure characteristics such as sharp dips
and faint peak bunches (Fig. 8) may be due to correlation
or nonequilibrium effects [50], but the resolution of these
issues may require improved methods for immobilizing in-
dividual nanocrystals on the surface [35].

6 Conclusion

Scanning tunneling microscopy and spectroscopy results
have been presented for thiol-passivated 29k Au nanocrys-
tals adsorbed to Au(111) and graphite surfaces. Experi-
ments were conducted at room temperature and cryogenic
temperatures (77 K, 8 K). The nanocrystals were observed
to pack in a nearly hexagonal scheme at room temperature
and were found to be highly mobile on each surface. Tun-
nel spectra showed a clear Coulomb blockade at all tem-
peratures and a Coulomb staircase at low temperatures,
independent of whether the nanocrystals were isolated or
within an island (although the charging energy varied with
environment). In some instances, a faint staircase struc-
ture was also apparent for these nanocrystals at room
temperature. The regular spacing of charging steps in the
Coulomb staircase spectra, up to +3 electrons, suggests
that changes in the Coulomb correlation energy in these
1.7 nm nanocrystals can be treated as a classical charg-
ing energy for a conducting particle, separate from the
much smaller energy intervals in the one-electron density
of states. At low temperatures, the quantized density-of-
states fine structure between charging steps was resolved,
confirming that the energy-level spacing is still much less
than the charging energy for this size nanocrystal. The
repetition of some of of these features from one charge
step to the next also confirms the validity of the approxi-
mations in the constant interaction model for this system.
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