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Disorder and Suppression of Quantum Confinement Effects in Pd Nanoparticles
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Size-selectable ligand-passivated crystalline and amorphous Pd nanoparticles ( < 4 nm) are synthe-
sized by a novel two-phase process and verified by high-resolution transmission electron microscopy.
Scanning tunneling spectroscopy preformed at 5 K on these two types of nanoparticles exhibits clear
Coulomb blockade and Coulomb staircases. Size dependent multipeak spectral features in the differ-
ential conductance curve are observed for the crystalline Pd particles but not for the amorphous
particles. Theoretical analysis shows that these spectral features are related to the quantized electronic
states in the crystalline Pd particle. The suppression of the quantum confinement effect in the
amorphous particle arises from the reduction of the degeneracy of the eigenstates and the level
broadening due to the reduced lifetime of the electronic states.
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water forming the initial mixture. For either case, the size
of the thiolstabilized Pd nanoparticles can be controlled

clear equidistant steps of Coulomb blockade (CB) and
Coulomb staircases due to the same mechanism of single
It is a widely accepted view that when the size of a
material is reduced to a few nanometers the material
properties will be dominated by quantum effects. In the
past decade, a number of studies have been focused on the
correlations between the properties and the size, shape,
and composition of crystalline nanoparticles [1–4]. On
the other hand, it is well known that the amorphous solids
have distinct transport properties from the crystalline
ones [5,6]. What is the fundamental impact of disorder
on the properties of nanoscale systems is still an open
question. In this Letter, we present a comparative study of
thiolstabilized crystalline and amorphous Pd nanopar-
ticles. We show that reducing the size alone is insufficient
to push a system into its quantum regime. Disorder ex-
tends the semiclassical behavior of metallic particle into a
regime that would otherwise be fully quantum mechani-
cal in an ordered system. The degree of the atomic order
of a nanoparticle plays an equally important role in
determining its quantum or classical nature.

Using the two-phase method [7,8], we were able to
controllably synthesize nearly monodispersed Pd nano-
particles, either crystalline or amorphous. Synthesis
of crystalline Pd nanoparticles of 2 nm in diameter
were modified as follows: Added 460 mg PVP [poly
(N-vinyl-2-pyrrolidone)] into 50 ml ethanol solution con-
taining 2 mg PdCl2, and then mixed with an equal volume
of 2 mM toluene solution of dodecanethiol (DT). After
reaction the DT-stabilized palladium nanoparticles were
separated and purified, and then redissolved into toluene.
The amorphous Pd nanoparticles were synthesized by
modifying the above pathway in two aspects: (i) the
ethanol solution was replaced by the hydrochloric acid
solution, and (ii) 3 mg NaBH4 was added into the 50 ml
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by adjusting the concentration of PdCl2 in the solution
and the temperature during the reflux.

Chemically synthesized Pd nanoparticles were struc-
turally characterized by a JOEL 2100 high-resolution
electron microscope (HREM). The HREM analysis
shows that our synthesized thiolstabilized Pd nanopar-
ticles are nearly monodispersed and the core size ranges
from 1.5 to 4 nm in diameter (insets to Fig. 1). The typical
electron diffraction patterns and HREM images of Pd
nanoparticles in Fig. 1 show distinct atomic structures
between crystalline Pd (c-Pd) and amorphous Pd
(a-Pd) nanoparticles. The regular lattice pattern can be
resolved for the c-Pd nanoparticles, but not for the a-Pd
nanoparticles.

With a scanning tunneling microscope (STM) set up,
we measured the single electron tunneling (SET) spectra
of these two types of Pd nanoparticles. SET has been
proven to be a unique technique for the study of electronic
structure of individual nanoparticles [1,3,4,9–11]. In our
experiment, a drop of diluted toluene solution of c-Pd or
a-Pd particles was spread on a piece of Au (111) single
crystal substrate. After a slow evaporation of the solvent,
the sample was transferred into the vacuum chamber of
the STM (Omicron) operated at 5 K, where STM and
scanning tunneling spectroscopy (STS) were performed.
STM images show that the thiolstabilized Pd nanopar-
ticles on the Au surface are well separated from each
other [lower inset of Fig. 2(a)]. SET spectra were mea-
sured in a double barrier tunneling junction (DBTJ)
formed by positioning the Pt=Ir tip above the nanoparticle
[upper inset to Fig. 2(a)]. Two typical I-V curves for the
c-Pd (curve 1) and a-Pd (curve 2) particles of about 2 nm
in diameter are shown in Fig. 2(a). Both curves present
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FIG. 2. (a) Curves 1 and 2 are typical I-V curves for a c-Pd
and an a-Pd particle of about 2 nm in diameter with the set
point parameters being (1.8 V, 1.0 nA ), respectively. Curve 3 is
a fitting curve using the orthodox theory by assuming the DOS
is a constant (fitting parameters: C1 � 0:32 aF, C2 � 0:34 aF,
R1 � 40 M�, R2 � 2:1 G�, and Q0 � �0:006e). The top in-
set is a schematic of the STM double tunnel junction. The
bottom inset is a 6� 6 nm STM image, showing a Pd nano-
particle. (b) Three pairs of numerical differential conductance
spectra of Pd nanoparticles with various sizes of 2.5, 2.0, and
1.6 nm, respectively. In each pair of curves I, II, and III, the
lower one is for a c-Pd particle, and the upper one for an a-Pd
particle. The spectra were offset along the V axis to center the
Coulomb gaps at zero bias.

FIG. 3. (a) The numerical differential conductance spectra of
two 2 nm a-Pd and c-Pd particles with various set point of the
tunneling currents. (b) A STM image showing an a-Pd particle
A and a c-Pd particle B; (c) dI/dV spectra acquired on particle
A and particle B, respectively. (d) I-V curves measured on two
coupled c-Pd particles with the structure depicted as inset. The
zero current gaps of curves were centered at zero bias for
comparison.

FIG. 1. Electron diffraction patterns and HREM images of
Pd nanoparticles with an average size of 2 nm: (a) c-Pd nano-
particles, and (b) a-Pd nanoparticles. The insets are the histo-
gram of the size distributions.
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electron charging effect as shown by the fitted result
(curve 3) [11], but some additional fine structures also
appear in the I-V curve 1 for the c-Pd particle.

While the main current steps are similar, the fine
structures are quite different between the spectra of the
c-Pd and a-Pd particles. Figure 2(b) shows three pairs of
numerical differential conductance spectra of Pd nano-
particles with various sizes. The data for each pair were
obtained from separate measurements of the c-Pd and
a-Pd particles with roughly equal size. In sharp contrast
to the rich multipeak features of the c-Pd particles, only
equally spaced Coulomb charging peaks are observed for
the a-Pd particles.

The difference in the fine features of the I-V spectra is
independent of the measurement conditions. For example,
when the junction capacitance C2 is varied by adjusting
the tip-particle separation, the features of the Coulomb
charging peaks do not change for either type of Pd
particles [see Fig. 3(a)]. In order to exclude any possible
spurious effect of the tip, we mixed two types of Pd
particles in one sample and used the same tip to image
and collect I-V spectra for either type of Pd particles. As
an example, we show an STM image of two particles
labeled as A and B in Fig. 3(b), and their typical STS
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spectra in Fig. 3(c). The STS spectra of A and B particles
have the same spectral features as those presented in
Fig. 2 for c-Pd and a-Pd particles, respectively. Thus,
the different features in STS spectra are not caused by
the tip effect.
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FIG. 4. Calculated SET spectra of 2.2 nm c-Pd and a-Pd
particles obtained by the orthodox theory with different elec-
tronic structures: (a) c-Pd particle with discrete energy levels,
(b) a-Pd particle with discrete energy levels, (c) c-Pd particle
with Lorentzian extended discrete energy levels of line width
broadening of 4.3 meV due to dynamic effect, (d) a-Pd particle
with Lorentzian extended discrete energy levels of line width
broadening of 4.3 meV due to dynamic effect. Insets show the
atomic and electronic structures accordingly. The junction
parameters used for the spectra are C1 � 0:32 aF, C2 �
0:34 aF, R1 � 40 M�, R2 � 2:1 G�, and Q0 � �0:006e).
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To ensure that the rich spectral structures obtained for
c-Pd particles are not caused by the fluctuating back-
ground charge (Q0 noise) [12,13], but related to their
electronic structures, we performed a STS measurement
on a structure of two coupled c-Pd particles formed by
the STM manipulation [14]. The negative differential
resistance (NDR) effect is observed in the I-V curves
[Fig. 3(d)]. Clearly, the Q0 noise cannot result in NDR,
and the origin of NDR should be the resonance tunneling
between the discrete energy levels of two coupled c-Pd
nanoparticles. We did not observe the NDR effect for the
coupled a-Pd particles. Thus, we can conclude that the
presence/absence of the fine features in the I-V spectra is
related to the intrinsic electronic properties of c-Pd and
a-Pd particles.

When the central island of an SET is very small,
the SET spectra reflect the interplay between the dis-
crete energy level due to quantum confinement and the
CB effect [15]. The CB effect gives equidistant main
current steps in the I-V curves, while the discrete energy
levels cause additional nonequidistant current steps
[1,3,4,9–11]. The multilevel processes have been invoked
to explain the complex SET spectra on Au [9,10] and
semiconductor nanoparticles [3,4]. Our results for the
c-Pd particles reveal that metallic nanoparticles can
also give rise to peaks resembling the ‘‘shell structure’’
of the semiconductor nanoparticles [3,4], and we attribute
them to the same quantum confinement effect. The fact
that there is no fine structure in the SET spectra of the
a-Pd particles, therefore, implies that the effect of dis-
crete energy levels is strongly suppressed. This cannot be
caused by the effects from the surface boundary only,
otherwise we can expect both c-Pd and a-Pd particles
would give rise to similar electron energy spectra. It is
thus clear that, in addition to the size, order and disorder
also play a critical role in determining a system’s quan-
tum or classical nature.

To gain a more detailed understanding on the role of
order vs disorder in a particle, we should consider the
electronic structures of Pd particles. We used the tight-
binding (TB) method, with the TB parameters taken from
Ref. [16], to calculate the electronic structures of naked
c-Pd and a-Pd nanoparticles. As an example, we show the
geometric and electronic structures for the 2.2 nm c-Pd
and a-Pd particles in Fig. 4. In the c-Pd particle some
levels have high degrees of degeneracy [Fig. 4(a), inset],
resulting in the average energy spacing of levels in the
c-Pd particle is about 3 times larger than that in the a-Pd
particle [Fig. 4(b) inset]. Applying these discrete energy
spectra directly to the orthodox theory in which the
temperature dependent Fermi distributions of the elec-
trodes and the particle were taken into account in the
golden rule [17], we then calculated the dI=dV-V curves.
For the c-Pd particle, our calculated dI=dV-V curve
[Fig. 4(a)] reproduces qualitatively the observed SET
spectrum, but to explain quantitatively our measured
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SET spectra, one may need to consider the ligand and
nonequilibrium many-body effects [18]. For a-Pd par-
ticles, theoretical results still show additional peaks be-
tween the Coulomb charging peaks [see Fig. 4(b)], which
should be observable within the resolution of our STM.
But these peaks are clearly absent in our observation. For
our controlled calculation of the I-V (and dI=dV) curves,
our apparatus limitation of 2 mV is represented by a
Gaussian function which is convoluted with the I-V spec-
tra. The results show that the apparatus limitation do not
suppress the fine structures in calculated dI=dV curves
both for crystalline and amorphous Pd particles. Thus, the
differences between the static atomic/electronic struc-
tures of nanoparticles alone cannot explain our experi-
mental results, and the dynamic effects would have to be
taken into consideration here.

In nanoparticles, the e-e scattering is enhanced due to
surface induced reduction of the Coulomb interaction
screening by conduction and core electrons, and plays a
key role in their transport properties at low temperature
[19,20]. We estimate the effective scattering lifetime �e-e
due to e-e interaction of a 2.2 nm a-Pd particle to be 195 fs
using the measured �e-e of low-lying states of small Pd
clusters [21] and an approximate relationship �e-e / N1=3

(N is the number of atoms in cluster) which holds for a
small variation of N1=3 [19]. With the Heisenberg energy-
time uncertainty principle, we obtain the level broaden-
ing from the �e-e to be 3.3 meV.
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FIG. 5. (a) dI=dV spectra of c-Pd particles and an a-Pd
particle. For clarity, curves are shifted vertically.
(b) Comparison of fine spectral features of the second CB
steps for various particle size. Peaks are shifted in voltage
coordinate.
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Besides the e-e scattering, the electron-phonon (e-p)
scattering also contributes the electron relaxation dynam-
ics [18]. At low temperature, the probability of phonon
adsorption is negligible, and only emission may take
place. The e-p scattering lifetime �e-p decreases with
the increase of the size of nanoparticle since there are
more vibrational degrees of freedom in a larger nano-
particle. We can get the upper limit of the �e-p of our
nanoparticles from the measured �e-p of small Pd clusters
[21] to be 700 fs. This �e-p contributes the additional level
broadening about 1 meV. Thus, the total level broadening
is at least 4.3 meV due to the dynamic effect.

Using the estimated level broadening parameter, we
obtained the densities of states (DOS) of the c-Pd and
a-Pd particle by a Lorentzian extension of the discrete
energy levels and a summation over them. Applying these
DOS’s to the orthodox theory, we obtained the new theo-
retical dI=dV-V curves of the c-Pd and a-Pd particle,
respectively, shown in Figs. 4(c) and 4(d). In Fig. 4(c), the
additional peaks between the Coulomb peaks in the spec-
trum of c-Pd particle still persist, while all additional
peaks between the Coulomb charging peaks disappear in
the spectrum of a-Pd particle, in good agreement with
our experiments. Thus, both the static and dynamic elec-
tronic effects in an a-Pd particle result in its SET spec-
trum being dominated by the pure charging effect. So, the
quantum effects associated with the quantized states is
suppressed significantly in an a-Pd particle with a size as
small as about 2 nm.

Thus in general, both the particle size and its internal
order play equally important roles in determining
whether such a particle will exhibit quantum properties.
For c-Pd particles, it is evident from Fig. 5 (top four
curves) that there is an increasing complexity in the
spectra features as the particle size reduces. For an a-Pd
particle of the comparable sizes, however, the discrete
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energy level effect is completely suppressed. It is interest-
ing to see in Fig. 5(b) that the shape of the SET peak of a
2 nm a-Pd particle appear to be closer to that of a c-Pd
particle that is 4 times larger (8 nm in diameter).
Moreover, one can see that the peak width increases
with deceasing particle size. This is consistent with the
dynamic effects discussed above.With the decrease of the
size of nanoparticle, the enhanced e-e scattering will
result in the larger level broadening.
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