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Scaling of the permanent electric dipole moment
in isolated silicon clusters with near-spherical
shape†

Filip Rivic, * Andreas Lehr and Rolf Schäfer

In silicon clusters a structural transition from prolate to near-spherical structures takes place at a size of

about 25–30 atoms. While some of the prolate clusters are very polar, there has been no experimental

evidence of the presence of dipole moments in larger silicon clusters with near-spherical shape.

By means of electric molecular beam deflection experiments at cryogenic temperatures, it was possible

to prove for the first time that SiN clusters with more than N = 30 atoms are also polar. Interestingly, the

dipole moment per atom for clusters in the range between 30 and 80 or 90 atoms is almost constant

and amounts to 0.02 D. This unusual behaviour manifests in effective polarizabilities increasing linearly

with cluster size. The dipolar contribution to the polarizability means that SiN clusters with N = 80 atoms

can be polarized more than twice as well as a correspondingly small sphere with the dielectric

properties of bulk a-Si. This finding is analysed with quantum chemical calculations concerning the

geometric structure as well as the charge distribution and is related to the dielectric behaviour of polar

semiconductor nanocrystals.

1. Introduction

Although Si nanostructures have many potential applications
in nanoelectronics,1–3 the dielectric behaviour of Si clusters
has not been sufficiently investigated and understood. In an
older work, there was an indication that in SiN clusters with
N = 60–120 atoms, the dielectric constant is lowered as a
consequence of the quantum confinement compared to the
bulk material.4 For this purpose, electric beam deflection
experiments were carried out. From the deflection of the
clusters by an inhomogeneous electric field, the polarizability
a was determined and converted into the dielectric constant
with the help of the Clausius–Mossotti relationship.5 In a more
recent work,6 this effect could not be confirmed, since the
values for the polarizabilities were found to agree well with
those of a small polarizable sphere with the dielectric properties
of bulk a-Si.7 However, the experiments were performed on
thermally excited clusters, for which a possible dipolar

contribution is almost completely quenched and therefore
hardly observable.8 In this work, we now present for the first
time electric molecular beam deflection experiments at cryo-
genic temperatures so that the nanoclusters are rigid to a good
approximation.9 With this, it was possible to demonstrate that
SiN clusters are polar in the range between 30–80 or 90 atoms.
At first glance, this finding is somewhat unusual because SiN

clusters form compact, nearly spherical structures in this size
range. The detection of permanent electric dipole moments m is
equivalent to the fact that the Si atoms in the clusters are
permanently polarised, i.e. carry partial charges. Obviously, the
chemical bonding between the Si atoms in the clusters differs
from bulk Si. In connection with quantum chemical calcula-
tions and in comparison with the dielectric behaviour of II–VI
semiconductor nanoparticles, the physical cause of the obser-
vation is discussed.

2. Experiment

The experimental setup has already been described in detail in
the literature.10 In contrast to the electric beam deflection
measurements at room temperature,6 a cluster source with a
nozzle is used for the experiments shown here, which is cooled
to Tnozzle = 16 K with the help of a closed-cycle cryostat.11,12

Since the lowest vibrational modes (cf. ESI†) are not consider-
ably thermally excited at 16 K, this ensures that the clusters can
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be regarded as rigid rotors to a good approximation. In contrast,
at a nozzle temperature of 300 K, it is expected that the clusters
are strongly vibrationally excited, i.e. these clusters are floppy
and the electric dipole moment is completely quenched.5

In total, two series of measurements are presented that were
performed with different helium valve opening times and
hence at different cluster generation conditions. Due to this
changed setting, the cluster velocities are different in both
measurements, although the nozzle temperatures were the
same. In the first series of measurements, the velocity of the
clusters with N = 30–80 was (640 � 20) m s�1, while in
the second measurement the clusters were about 100 m s�1

faster. In the second measurement, the intensities of the
clusters are higher, so that the corresponding data are charac-
terised by a better signal-to-noise ratio. Therefore, it was
possible to study clusters in the range N = 30–90. However,
the higher cluster velocities indicate that these clusters are
more rotationally excited, i.e. the ensemble of clusters in the
second measurement is characterised by a larger value of the
rotational temperature.12 The first measurement was carried
out with a deflection voltage of U = 11 kV (electric field strength
E = 7 � 106 V m�1), while in the second measurement U = 30 kV
(E = 2 � 107 V m�1) were applied to the electrodes.

For the evaluation of the electric deflection profiles (cf. ESI†
for details), it should be noted that the rotational energy and
the interaction energy of the electric dipole with the external
electric field is nearly the same for very polar structures, at least
for a deflection voltage of U = 30 kV. Thus, an evaluation of the
beam deflection profiles in order to determine the electric
dipole moment m is, strictly speaking, no longer justified
within the framework of the first-order perturbation theory
(FOPT).13 In addition, the application of FOPT presupposes
that the clusters are approximately spherical rotors. This, too,
is not necessarily ensured a priori. Nevertheless, the beam
profiles were evaluated based on the FOPT because, on the one
hand, this means that no structural information is necessary
for the analysis and, on the other hand, deviations from the
spherical geometry usually have an effect of significantly less
than 20% on the determination of the dipole moments,
especially for near-spherical shaped clusters.13 Furthermore,
this procedure is by far the most effective, since only the
broadening of the beam profile due to the inhomogeneous
field has to be determined to extract the electric dipole
moment m with

m
N
¼ 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bon2h i � boff 2h i

p
N

(1)

where hb2i is the variance in Debye of a Gaussian function
fitted to the experimental beam defection profile with (on) and
without (off) electric field.8 In particular, this procedure is
justified for the fundamental clarification of the question of
whether the investigated SiN clusters are polar or not. The
broadening is determined by fitting a Gaussian function to
the beam deflection profile without and with electric field.
The effective polarizability aeff is obtained from the shift of the
beam profile when the electric field is applied. For the analysis

of aeff, however, it is mandatory to apply the second-order
perturbation theory (SOPT)13–15

aeff
N
¼ ael

N
þ 2

9

m
N

� �2

kBTRot
N; (2)

since in the case of polar clusters the dipolar contribution can
outweigh the intrinsic electronic contribution ael to the polariz-
ability. Strictly speaking, this relationship only applies to spherical
rotors. For the estimation of the dipolar contribution, i.e. the
second term, values of the rotational temperature TRot and the
permanent electric dipole moment m of the clusters are necessary.

3. Results

The dependency of the electric dipole moment m and the
effective polarizability aeff on the cluster size N is shown in
Fig. 1 for the two measurements. For this purpose, the values of
the permanent electric dipole moment per atom m/N and of the
polarizability per atom aeff/N are plotted against the size of
the clusters. It can be clearly seen that the SiN clusters in the
investigated size range of 30–80 or 90 atoms are polar and have
an approximately size-independent dipole moment per atom,
i.e. the total dipole moment m increases approximately linearly
with cluster size N. The value of the determined dipole moment
per atom of m/N = (2.00 � 0.04) � 10�2 D is approximately the
same in both measurements. This finding indicates that the
clusters in both measurements can be regarded as rigid rotors
regardless of their different velocities. If in the second measure-
ment with higher velocities and stronger rotational excitation
the clusters were already vibrationally excited, one would expect
that the electric dipole moment would already be partially
quenched, i.e. the beam broadening would be reduced and
lower values of the dipole moment would be observed.8 Since
the dipolar contribution to the effective polarizability depends
on the square of the permanent dipole moment, a linear
increase in the effective polarizability per atom aeff/N with the
cluster size N is observed. However, the increase in polariz-
ability is different in the two measurements. In the first
measurement, the change in the effective polarizability per
atom with the cluster size is equal to (0.11 � 0.02) Å3, while
in the second measurement a value of (0.06 � 0.01) Å3 is
observed. This difference results from a different degree of
rotational excitation of the clusters in the two measurements.
If one uses the values of the dipole moment of m/N = (2.00 �
0.04) � 10�2 D obtained from the beam broadening using the
FOPT, one obtains a value for the rotational temperature of
(6 � 1) K in the first measurement and (11 � 2) K in the second
measurement according to eqn (2). These two values for the
rotational temperature appear realistic for the measured cluster
velocities.12 Also plotted in Fig. 1 is the value of the polariz-
ability per atom of 3.71 Å3 expected for a small sphere with the
dielectric properties of bulk a-Si according to the Clausius–
Mossotti relationship.5,7 It can be seen that the effective
polarizabilities of the smallest here investigated clusters with
30 atoms are similar to those expected for a small sphere with
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the bulk properties of a-Si within the limits of measurement
accuracy. Thus, the dipolar contribution plays almost no role
here. However, the dipolar contribution to the effective polariz-
ability of the largest clusters investigated here is comparable to
the intrinsic electronic polarizability, so that these clusters are
more than twice as polarisable as a correspondingly small
sphere with the dielectric properties of a-Si.

4. Quantum chemistry

Quantum chemical calculations were carried out to interpret
the observed behaviour. To analyse the dielectric response of the
SiN clusters, structures of the clusters found in the literature16

were adopted and locally reoptimised. For this purpose, density
functional theory (DFT) was applied employing the hybrid
exchange–correlation functional PBE017 together with the cc-
pVTZ basis set.18 This level of theory has been chosen because

it has led to good results in the description of tetrel clusters in
the past.19,20 However, it should be noted that the starting
structures used do not necessarily belong to the global mini-
mum. Performing a global optimisation for the investigated SiN

clusters would be possible in principle, but enormously time
and resource consuming for the larger clusters under study at
the DFT level of theory. Even if the locally optimized structures
do not exactly match the structures of the clusters in the
experiment, one can still expect to see a trend regarding the
size dependence of the dielectric properties.

Table 1 shows the calculated dipole moments per atom
together with the experimental values from the two measure-
ments. It can be seen well that also the theoretically predicted
dipole moments per atom are approximately independent
of the cluster size, i.e. also theoretically it is observed that all
clusters are polar and the dipole moment increases linearly
with the cluster size to a good approximation. However, the
calculated values of the dipole moment are about twice as large

Fig. 1 Permanent electric dipole moments per atom m/N (top) and effective polarizabilities per atom aeff/N (bottom) obtained from electric molecular
beam deflection experiments at Tnozzle = 16 K and deflection voltages of U = 11 kV and 30 kV for SiN clusters with N = 30–80 or 90. Experimental
uncertainties are displayed as continuous error functions. Linear fits to guide the eye are shown as dashed lines; for the dipole moment per atom the
slope is set to zero and an average dipole moment per atom of (0.020 � 0.04) D is determined. The bulk a-Si polarizability per atom of 3.71 Å3 is
estimated from the Clausius–Mossotti relationship and is shown as gray horizontal line.5,7
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than found in the experiment. This can have various causes:
In order to capture the influence of the exchange–correlation
functional employed, different hybrid functionals were used for
Si30 (cf. ESI† for details). For this purpose, a local geometry
optimisation was carried out in each case. It is demonstrated
that the computed value of the dipole moment can change by
30% to give a lower bound close to the experimental value,
whereas values up to almost three times as high compared to
the experimental value can be obtained depending on the
functional in use. From an experimental point of view, it must
be noted that the beam profile broadenings, i.e. the determina-
tion of m, were evaluated according to the FOPT and therefore
deviations from the spherical geometry are not taken into
account.‡ 13

Since very similar values for the dipole moment were
obtained at U = 11 kV and 30 kV, the influence of the electric
field strength seems to be negligible. It should be noted,
however, that although the experiments were carried out in
high vacuum at a base pressure of 4 � 10�7 mbar, ensuring a
mean free path of the clusters being significantly larger than
the dimensions of the apparatus, the background gas can still
have an impact on the rotational dynamics.21 This can be
important, especially in the case of asymmetric rotors, and
lead to the beam broadening being partially quenched. Thus,
lower values of the dipole moment are obtained. However,
despite the discrepancies in the absolute value, the trend that
the dipole moment per atom is approximately constant is
theoretically correctly reproduced.

5. Discussion

In order to better understand the cause of the increasing
polarity of the SiN clusters with the cluster size, a population

analysis was carried out and partial (net atomic) charges dq
were calculated according to Mulliken.22 However, one has to
take into account that the calculated dipole moments m based
on the Mulliken atomic charges does not necessarily fit to the
predicted values shown in Table 1.23 Even though the decom-
position of the wave function is not unambiguous, this gives a
first insight to the partial charge distribution in the clusters.
The reoptimised structures of the clusters are shown in Fig. 2
oriented along their dipole moments m displayed as an arrow
with partial charges dq indicated by a colour code (blue:
negative, red: positive partial charge). It can be clearly seen
that there are areas in the clusters with a positive or negative
excess charge. It seems that, starting from the centre of the
cluster, a strongly negatively charged cluster core is formed,
which is surrounded by a shell of positively charged Si atoms.
As the cluster size increases, there are also more and more Si
atoms on the cluster surface, which are slightly negatively
charged. As the clusters grow, the amount of charges contained
in the negatively charge core and the positively charge
shell increase. Therefore, the electric dipole moment increases
as well.

In order to quantify this effect, the centres of positive and
negative charge have been localised and the sum of positive
partial charges dq(+) contained in these centres has been
calculated based on the Mulliken partial charges. These values
are given in Table 2. To see how the sum of positive partial
charges dqi(+) contained in these centres changes with cluster
size N, a double-logarithmic plot is shown in Fig. 3. This
demonstrates that the sum of positive partial charges increases
approximately linear with N2/3, which is proportional to the
surface area of the cluster. Interestingly, the electric dipole
moment per atom calculated from the partial charges is also
almost independent of size, except for N = 45 and 60. The
reason for the asymmetric charge distribution is that the
structures of the clusters do not represent a cut-out of the bulk
silicon structure. Due to the free surface, the cluster tries to
minimise its energy by forming different coordination geo-
metries locally around each Si atom.25–28 The resulting struc-
tures therefore rather resemble structural sections from amor-
phous than from crystalline silicon.29

To quantify the differences in the coordination sphere,
coordination numbers (CNs) were calculated using a tolerance
criterion. All atoms within a sphere around a selected atom are
counted as part of the coordination sphere. The tolerance
criterion for the radius of this sphere was 1.1d, where d is the
bond distance between two Si atoms in a-Si of 2.352 Å.24 Table 2
now shows CNs calculated in this way for Si atoms in the core
and the shell of the clusters. The outer bound of the cluster
shell is defined by the most distant Si atom relative to the
centre of mass and has a thickness of 0.5d, i.e. Nshell gives the
number of Si atoms in that shell. It can be clearly seen that
the negatively charged Si atoms in the cluster core have
significantly larger CNs than the positively charged atoms in
the shell surrounding them. As a result, the chemical bonding
between atoms in the cluster core and the surrounding shell
becomes polar, resulting in a non-vanishing electric dipole

Table 1 Calculated and experimental electric permanent dipole moments
and polarizabilities per atom m/N and ael/N as well as aeff/N of SiN clusters
with N = 30, 35, 40, 45, 50, 55, 60, 70 and 80. Values of the experimental
uncertainties can be found in the ESI†

Simulation Experiment (11 kV) Experiment (30 kV)

N
m
N
=10�2 D

ael
N
=Å3 m

N
=10�2 D

aeff
N
=Å3 m

N
=10�2 D

aeff
N
=Å3

30 3.80 4.35 2.41 4.15 1.91 4.84
35 4.98 4.31 1.40 5.87 1.67 4.86
40 3.02 4.30 2.12 8.77 2.07 5.84
45 6.82 4.20 1.92 8.55 1.65 5.40
50 4.34 4.32 2.09 8.35 2.25 5.89
55 4.31 4.33 2.16 9.70 1.92 5.99
60 4.11 4.24 2.06 7.46 2.44 5.94
70 4.95 4.34 2.35 9.98 2.34 6.67
80 3.43 4.35 1.95 12.53 1.61 7.38

‡ It is shown for the Ge15 cluster which is assumed to have a very prolate
geometric structure13 that the dipole moment obtained by the FOPT approach
used in our work deviates only about 16% from the one obtained by quantum
chemical calculations and confirmed by classical trajectory simulations. For the
clusters discussed in this work, the deviation from the spherical shape is much
smaller so that the difference between the electric dipole moments is assumed to
be smaller as well.
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moment that increases with the cluster size. The fact that the
coordination numbers of Si atoms in the cluster core are

significantly increased compared to atoms in the surrounding
shell has already been shown in a whole series of theoretical
papers.25–28 Here, it is pointed out how the individually differ-
ent coordination geometry around each Si atom affects the total
dipole moment of the SiN clusters.

A similar behaviour has already been observed in semicon-
ductor nanocrystals (NCs).30 For example, in polar CdSe nano-
rods, it was observed that the dipole moment increases linearly
with the volume.31 This was attributed to the naturally existing
polar character of the present wurtzite structure. Other
approaches point to structural deviations from the ideal wurt-
zite type as the cause of the presence of the dipole moment.32

Interestingly, permanent electric dipole moments are also
observed in ZnSe nanostructures of the zinc blende type, which
increase with the diameter of the NC.33 In a subsequent study,
it was shown that small deviations from the symmetric-
tetrahedral shape are responsible for the dipole moments.34

Accordingly, even PbSe-NCs with a centrosymmetric crystal

Fig. 2 Geometric structures of SiN clusters with N = 30, 35, 40, 45, 50, 55, 60, 70 and 80 reoptimised at the PBE0/cc-pVTZ level of theory. The clusters
are oriented around their computed permanent dipole moments m shown as vectors with absolute values given by the length of the vector (cf. Table 1 for
details). Mulliken partial charges d are indicated by a colour code ranging from positive (red) to negative (blue) partial charges (cf. ESI† for details).

Table 2 Sum of positive partial charges dq(+), number of core and shell
atoms Ncore and Nshell for the calculated SiN clusters with N = 30, 35, 40,
45, 50, 55, 60, 70 and 80 together with their corresponding average
coordination numbers CN calculated via a tolerance criterion of 1.1d
where d = 2.352 Å is the Si–Si bond distance in bulk a-Si.24

N
PN
i¼1

dqðþÞi Ncore CNcore Nshell CNshell

30 0.96 2 4.50 28 3.32
35 1.45 7 5.14 28 3.50
40 1.64 7 4.43 33 3.73
45 2.03 11 5.27 34 4.06
50 2.10 9 5.56 41 4.02
55 2.01 13 4.46 42 3.81
60 2.28 10 5.90 50 3.70
70 2.26 18 4.22 52 3.42
80 2.52 19 4.21 61 3.67
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lattice can be polar.35 How the coordination number affects
the partial charge of the atoms has been shown for InP
nanoclusters.36 Deviations of the arrangement of atoms on
the surface from the ideal tretrahedral structure leads to the
appearance of dipole moments in nanocrystals with a cubic
crystal lattice.35 In the case of the NCs, the reconstruction of the
structure due to the presence of the free surface causes the
formation of electric dipole moments, which is very similar
to the Si clusters. Correspondingly, the dipole moment density,
i.e. the dipole moment related to the volume, for the SiN

clusters examined here is with an experimental value of
(0.30� 0.01) mC cm�2 in a similar range of values to that observed
for the CdSe nanocrystals.31,32 Interestingly, hydrogenated Si-NCs
also show dipole moments, which are important for the con-
trolled assembly of silicon-based nanostructures.37 With the work
presented here, it is now additionally shown that isolated SiN

nanoclusters in the gas phase are also polar despite their
compact, near-spherical shape.

6. Summary

In the present work, the dielectric properties of near-spherical
silicon clusters in the size range between 30 and 90 atoms were
investigated under cryogenic conditions for the first time. This
clearly demonstrated that the investigated SiN clusters are polar
and that the dipole moment per atom is almost constant. This
leads to the effective polarizability of the clusters increasing
linearly with the cluster size. The electric dipole moment results
from the structural shape of the cluster: in a surrounding shell a
core of Si atoms is located with significantly higher coordination
numbers. This asymmetry leads to a polar chemical bonding
between the Si atoms and ultimately to the formation of a
permanent electric dipole moment.
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Chem. Phys., 2014, 16, 23952–23966.
12 T. M. Fuchs, F. Rivic and R. Schäfer, Phys. Rev. A, 2021,
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