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ABSTRACT

Nanosized silicate dust is likely to be abundant in many astronomical environments and it is a prime candidate for being the source of
the anomalous microwave emission (AME). To assess the viability of silicate nanoclusters as AME carriers, their detailed properties
need to be established. Using quantum chemical calculations, we compute the accurate chemical and electronic structures of three
families of nanoclusters with astrophysically relevant compositions: Mg-rich olivine (Mg2SiO4)N , Mg-rich pyroxene (MgSiO3)N , and
silicon monoxide (SiO)N , all in the ≤1 nm diameter size regime and for neutral and ±1 charge states. From these fundamental data,
we directly derive the shapes, ionization potentials, electron affinities, and dipole moments of all nanoclusters. The aspect ratio of the
nanoclusters fluctuates significantly with N for small sizes, but especially for the olivine and pyroxene nanoclusters, it tends to stabilize
towards ∼1.3 for the largest sizes considered. These latter two nanocluster families tend to have mass distributions consistent with
approximately prolate ellipsoidal shapes. Our calculations reveal that the dipole moment of all our nanoclusters can be substantially
affected by changes in chemical structure (i.e. different isomers for a fixed N), ionisation, and substitution of Mg by Fe. Although all
these factors are important, the dipole moments of our Mg-rich nanoclusters are always found to be large enough to account for the
observed AME. However, (SiO)N nanoclusters are only likely to be potential AME contributors when they are both charged and their
chemical structures are anisotropically segregated. We also model the emissivity per H of a representative (Mg2SiO4)3 nanocluster
by directly calculating the quantum mechanical rotational energy levels and assuming a distribution of occupied levels in accordance
with equilibrium Boltzmann statistics. We compare our bottom-up results with previously published classical models and show that a
population of silicate nanoclusters containing only 1% of the total Si budget can reproduce the AME emissivity.
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1. Introduction

The anomalous microwave emission (AME) is detected as a fore-
ground feature which typically peaks between 20 and 30 GHz
and extends over a 10–60 GHz range (Dickinson et al. 2018). The
AME has been observed in many astrophysical environments
including the diffuse ISM (Hildebrandt et al. 2007) and galactic
clouds (Watson et al. 2005). It is also likely that AME is fun-
damentally related to the excess microwave emission observed
in circumstellar environments (Ubach et al. 2017; Hoang et al.
2018; Greaves et al. 2018). Nanosized dust grains, hereafter refe-
rred to as nanoclusters, are expected to be the origin of the AME
due to the spatial correlation of AME with regions of dust
infrared (IR) emission (Ade et al. 2011; Casassus et al. 2006;
Finkbeiner et al. 2002). In the case of circumstellar shells, a the-
oretical study by Rafikov (2006) showed that with our current
understanding of emission mechanisms, the excess microwave
emission observed in circumstellar shells should have a large
contribution from spinning dust. Several mechanisms could, in
principle, explain the AME depending on the type of grain that
produces it. For example, iron-containing nanoclusters could
contribute due to their magnetic properties (Draine & Lazarian
1999), while silicate and carbonaceous nanoclusters could emit
due to thermal emission (Agladze et al. 1996) and/or rapid

spinning (Ali-Haïmoud et al. 2009; Draine & Lazarian 1999,
1998; Erickson 1957; Jones 2009). A recent review of available
observational evidence and astrophysical modelling concluded
that spinning dipolar nanoclusters are the most likely cause of
the AME (Dickinson et al. 2018). As the grain rotation rate must
be rather high to account for the AME, studies have focused on
nanoclusters with typical diameters of ≤1 nm.

Initially, spinning polycyclic aromatic hydrocarbons (PAHs)
were proposed as candidates for the source of the AME
(Draine & Lazarian 1998). However, it has since been shown
that there is no correlation between the observed IR intensi-
ties of PAHs and AME intensities (Hensley et al. 2015), which
implies that the AME likely originates from other nanograin
carriers (Hensley et al. 2015; Tibbs et al. 2011; Vidal et al.
2011). Although large quantities of both silicate and carbona-
ceous dust can be verified through their characteristic IR spectra,
as yet, there is no clear observational evidence to support any
one particular type of nanograin as the general source of the
AME. Recently, carbon nanodiamonds have been put forward
as a possible source of AME in protoplanetary disks (Greaves
et al. 2018). From a bottom-up chemical perspective, one poten-
tial problem with this proposal is the origin of the necessary
dipoles in such species. As carbon is inherently a non-polar
covalently bonded material, one must also provide evidence of
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an astrophysically feasible process via which a sufficiently high
dipole is produced in such potential carriers. Recently, silicate
nanoclusters have been proposed as possible general carriers of
the AME (Hoang et al. 2016; Hensley & Draine 2017). Here,
as the chemical bonding in silicates is more ionic, nanosilicates
will intrinsically tend to be polar without the need for invoking
external processes for dipole creation.

Currently employed models of microwave emission from
spinning nanoclusters allow any type of nanograin to contribute
to the AME as long as it is sufficiently abundant and has a large
enough dipole moment (Ali-Haïmoud 2013; Dickinson et al.
2018). The work of Draine & Lazarian (1998) established the
foundations on how to compute the rotational energy distribution
from nanoclusters taking into account the effect of several pro-
cesses such as grain-gas collisions, photon absorption/emission,
H2 formation on the surface of the grain, interactions with
the plasma, etc. Later models developed refinements such as
including grain wobbling and precession (Hoang et al. 2010),
testing the effect of asymmetric grains (Hoang et al. 2011) or
using the Fokker-Planck equation to obtain more accurate rota-
tional energy distributions (Ali-Haïmoud et al. 2009). All these
approaches are based on detailed attempts to describe relevant
(astro)physical phenomena and how they could affect rotational
energy distributions. In such works, estimates of the magnitudes
of nanograin dipole moments are based on largely qualitative
top-down arguments (i.e. from general considerations of prop-
erties of bulk materials). The dipole moments derived by such
means may be quite reasonable, however, the lack of a more
quantitative and accurate basis for such estimates hinders our
ability to test the validity of various potential nanograin sources
of AME. In principle, however, the microwave emission from
spinning nanoclusters can be derived directly in a more bottom-
up manner (i.e. from their detailed chemical/structural/electronic
properties) and thus the potential contributions to the AME from
different nanocluster types could be calculated and compared
theoretically.

Ideally, to obtain the accurate dipole moment of a nanoclus-
ter, one requires its atomistically detailed chemical structure, the
associated electronic charge distribution and its overall charge.
In order to find stable chemical structures of nanoclusters one
can employ global optimisation structure searches (Catlow et al.
2010). Further, by using quantum chemical modelling one can
then derive the electronic structure of such nanoclusters and var-
ious astronomically relevant properties (e.g. dipole moments, IR
spectra, heat capacities...). Recently, following such an approach,
we reported low energy structures of silicate nanoclusters of
both Mg-rich olivine (Mg2SiO4)N and pyroxene (MgSiO3)N sto-
ichiometries with N = 1−10 (Escatllar et al. 2019), and (SiO)N
nanoclusters with N = 1−20 (Bromley et al. 2016). In all cases,
the largest considered nanocluster size was of the order of 1 nm
diameter. As judged by detections of characteristic IR bands at 10
and 18 µm, Mg-rich silicate dust particles are commonly found in
a wide range of astrophysical environments (Fogerty et al. 2016;
Kessler-Silacci et al. 2006; Molster et al. 2002; Waelkens et al.
1996). Based only on this high abundance, silicate nanoclusters
are a potential candidate source for the AME. Assuming that sil-
icate nanoclusters contain 15% of the total Si budget in the ISM
(Li & Draine 2001), Hoang et al. (2016) estimated that silicate
nanoclusters may be able to explain the entirety of the observed
AME. Molecular SiO is also present in large quantities in the
ISM, and its condensation into nanosized species in the cold
environment of the ISM has been shown to be viable experimen-
tally (Krasnokutski et al. 2014). As such, (SiO)N nanoclusters
could also be considered as a possible contributor to the AME.

Herein, we derive accurate dipole moments (µ), ionization
potentials (IP) and electron affinities (EA) directly from accurate
quantum chemical calculations of stable nanoclusters of olivine
(Mg2SiO4)N , pyroxene (MgSiO3)N and (SiO)N silicon monoxide
for neutral, and ±1 charge states and for sizes up to 1 nm in diam-
eter. Where possible we compare our bottom-up derived data
with previous reported top-down modelling studies. Although
we show that some assumptions in the top-down derivation of
nanosilicate properties are inaccurate, we confirm that nearly
all our considered olivine and pyroxene nanoclusters do pos-
sess dipole moments with magnitudes that are sufficient to lead
to significant contributions to the AME. For all our nanoclus-
ters we provide the rotational constants and dipole moments in
Appendix B.

To compute the emissivity of our nanoclusters, we employ
an alternative approach to the one generally used in the litera-
ture. Herein, due to the fact that we have calculated the atomic
and electronic structure of a range of stable silicate nanoclus-
ters, we use this information to directly calculate the rotational
energy levels in a bottom-up fashion using quantum mechan-
ics. In this respect, our approach is similar to the one used for
PAHs as reported by Ysard & Verstraete (2010). In the present
work, we apply statistical thermodynamics to compute the pop-
ulation of each rotational level. In effect, this approach assumes
that all the physical processes described in the above works act
together to bring the nanocluster rotational energy distribution
to local thermodynamic equilibrium (LTE). As such, the current
methodology should be most accurate in conditions where LTE
is likely to be fulfilled, such as molecular clouds or dark clouds,
and then only requires an effective rotational temperature. In a
future work, we plan to consider non-equilibrium conditions for
more accurately modelling other astrophysical environments.

Here we show that quantum chemical modelling can be
a powerful and accurate tool for investigating detailed astro-
physically relevant properties of silicate nanoclusters. Together
with constraints from observation and laboratory studies, our
bottom-up approach can complement more traditional top-down
modelling approaches. In particular, we aim to provide more
secure underpinnings for assessing the properties, abundance
and astrophysical relevance of nanosized silicate dust.

2. Methodology

The detailed atomistic structures of all considered Mg-pure
Olivine (Mg2SiO4)N , Mg-pure Pyroxene (MgSiO3)N and silicon
monoxide (SiO)N nanoclusters (hereafter referred to as O-N, P-N
and SiO-N, respectively) were obtained from extensive searches
of low energy isomers as reported in Escatllar et al. (2019) and
Bromley et al. (2016). In each case, the atomistic and electronic
structure of all considered nanoclusters were optimised using
all-electron density functional theory (DFT) based quantum
chemical calculations using the hybrid PBE0 (Adamo & Barone
1999) functional. The calculations were performed using the all-
electron FHI-AIMS code (Blum et al. 2009) using a Tier1/light
atom-centred numerical basis set which has an accuracy compa-
rable to a TZVP Gaussian-type orbital basis set (Lamiel-Garcia
et al. 2017).

From the masses of each atomic species and the optimized
atomistic structures of the nanoclusters we can calculate the
moments of inertia In where n ∈ x, y, z and where we take:
Iz ≥ Iy ≥ Ix. The ratios between moments of inertia allow us to
determine the approximate shape of the nanoclusters. Although
the moments of inertia are rigorously defined, as we are dealing
with species that contain only a few tens of atoms, the derived
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measure of nanograin spheroidal shape should be carefully
interpreted as being associated with a mass-weighted spatial dis-
tribution of different atom types. If Iz = Iy = Ix, then In/Ix = 1
and the mass distribution can be associated with a sphere. When
Iz > Iy and Iy/Ix = 1, the nanocluster can be described by an
oblate spheroid, with the degree of oblateness given by the mag-
nitude of Iz/Iy. Alternatively, the case where Iy > Ix and Iz = Iy
corresponds to a prolate spheroid, with the degree of prolateness
given by the magnitude of Iy/Ix. In all other cases where the
three moments of inertia are different the nanocluster shape can
be classed as being between the two limiting oblate and prolate
cases.

The dipole moment (µ) of each nanocluster was directly com-
puted from its calculated electron density and nuclear positions.
The full electron density (ρ(r)) is readily obtained from DFT
calculations, allowing to compute µ by:

µ =

∫
rρ(r)dr +

∑
A

ZARA, (1)

where the left-hand integral term corresponds to the electron
contribution to µ, and the right-hand term sums over all nuclei A,
with nuclear charge ZA and position RA. Specifically, we report
µ values for P-N and O-N for N = 1–10 and SiO-N for N = 2–
20 in their neutral state and ±1 charged states. The IP and EA
values were also calculated for all neutral nanoclusters. The IP
is defined as the energy required to extract an electron from the
highest occupied molecular orbital (HOMO), therefore:

IP = ∆EM→M+ = E(M+) − E(M), (2)

where E(M) is the total calculated energy of a neutral nanoclus-
ter, M, and E(M+) is the energy of nanocluster, M, with one
electron removed. The EA is defined as the energy released upon
attachment of a free-electron onto a nanocluster, with positive
sign meaning a release in energy, and negative sign meaning that
electron attachment requires energy (Zhan et al. 2003). Hence, it
is calculated as:

EA = −∆E(M→ M−) = E(M) − E(M−), (3)

where E(M) is the total calculated energy of a neutral nanoclus-
ter, M, and E(M−) is the energy of nanocluster, M, with one
electron added. This definition is consistent with that reported in
Weingartner & Draine (2001a). We note that the values reported
in this work correspond to vertical EA and IP values (i.e. where
the nanocluster structure in its charged and neutral state is
unchanged).

The rotational spectrum of a nanocluster can be computed
quantum mechanically by calculating the eigenvalues of the
rotational Hamiltonian (Hr). For symmetric nanoclusters, the
angular momentum operators (P2: square of the total angular
momentum, PZ : space-fixed angular momentum projection on
the Z-axis, and Pz: body-fixed angular momentum projection on
the z-axis) commute with Hr and thus the energies can be found
easily (Ysard & Verstraete 2010). However, for asymmetric top
species, such as most of the nanoclusters in this work, the Pz
operator does not commute with Hr. In such cases, the rotational
wavefunction can be described as linear combinations of sym-
metric top wavefunctions, after which the rotational Hamiltonian
is diagonalized. For a complete description of the calculation
of such rotational spectra, we refer the reader to more detailed
sources (Gordy & Cook 1984). Here, we use the ASROT soft-
ware (Kisiel 2001) from the PROSPE website (Kisiel 2019) to
compute the frequencies (ν) in MHz and line intensities (I) in

nm2 MHz at a given temperature (T ) of each allowed transition
using the rotational constants (Bn). From the two former quanti-
ties and using T = 300 K, we can obtain the Einstein coefficient
of spontaneous emission for the i → j transition (Ai j) (Pickett
et al. 1998) as:

A ji ≈ I ji(T )ν ji[Qrs(T )/g′]eE′/kT · 1.748 × 10−9, (4)

where νi j is the transition frequency between the states i and j
in MHz, Qrs(T ) is the rotational partition function at T = 300 K,
g′ is the degeneracy of the upper-state (g′ = 2J + 1), E′ is the
upper state energy in cm−1, k is the Boltzmann constant and
1.748 × 10−9 converts the resulting units to s−1. Qrs can be
approximated as:

Qrs =
π1/2

σr

T 3/2

(Θr,xΘr,yΘr,z)1/2 , (5)

where Θr,n as the rotational temperature for the x, y or z axis. The
former approximation of Qrs is valid as long as Θr/T is smaller
than unity. For our nanoclusters, the values never exceed 0.001
even with T = 10 K. As in the work of Ysard & Verstraete (2010),
the total power emitted by a specific transition is calculated as:

P( j) = A jiE ji J/s. (6)

To obtain the power emitted in a given astronomical environ-
ment it is further required to add the population fraction of the
upper state j (N j

Ng
), the total number of nanoclusters in that envi-

ronment (Ng) and divide by 4π to obtain the power emitted per
steradian:

P( j) = Ai j · νi j · h ·
N j

Ng
· Ng ·

1
4π

J/s sr−1, (7)

where h is the Planck constant. Finally, the emissivity is obtained
by dividing the given P by the number of hydrogen atoms (nH) in
the given environment (J/nH = P/nH). From this approach, the
only free parameters are the number of nanoclusters, the frac-
tion of nanoclusters in a given energy state j and the number of
hydrogen atoms. Most available models compute the population
of each rotational level by a detailed description of the physics of
each environment (Draine & Lazarian 1998; Ali-Haïmoud et al.
2009; Ysard & Verstraete 2010), including gas-grain collisions,
plasma-drag, H2 formation on the surface of the nanoclusters,
energy transfer between vibrational and rotational states and
several other mechanisms. Gas-grain interactions and energy
transfer between vibrational and rotational states should in prin-
ciple allow reaching a stationary distribution of the rotational
energy. We thus expect that in some dense environments, such
as molecular clouds (MC), dark clouds (DC) and reflection neb-
ulas (RN), the populations of each rotational energy level can be
approximated by statistical mechanics. The fraction of particles
in the state j can then be computed by:

N j

Ng
=
g′e−E′/kT

Qr(T )
, (8)

where T is the rotational temperature of the grain. While
the dust T values in Draine & Lazarian (1998) correspond to
total grain temperatures, here we take them to be nanoclus-
ter rotational temperatures. In Appendix A we show how our
results compare with results from Draine & Lazarian (1998) and
Ali-Haïmoud et al. (2015) for a fictitious asymmetric PAH with
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a number of atoms (Natoms) equal to 20 and µ = 1.8D in selected
astronomical environments, confirming that rotational energy in
thermal equilibrium can reproduce AME calculations.

The final parameter required is the number of silicate nan-
oclusters Ng. The works of Weingartner & Draine (2001b) and
Li & Draine (2001) provide the basis for most distributions
employed in other theoretical studies of AME (Hoang et al. 2010;
Draine & Hensley 2016; Ali-Haïmoud et al. 2009). The work
of Li & Draine (2001) provides upper abundance limits of sil-
icate nanoclusters with radii ≤1 nm to be <15% of the total
Si budget, based on extrapolated IR properties. The study of
Weingartner & Draine (2001b) provides a size distribution func-
tion capable of reproducing the observed extinction in the Milky
Way and Magellanic Clouds. However, the work of Hensley &
Draine (2017) and Hoang et al. (2016) suggests that the frac-
tion of small nanosilicate grains could be limited by microwave
emission observations. For example, if silicate nanoclusters have
large dipole moments, fewer nanoclusters would be needed to
reproduce the observed emissivities. In this work, we tentatively
explore this possibility by taking a representative nanosilicate
containing 21 atoms with Mg2SiO4 composition (i.e. O-3) and
computing the required abundance of such nanoclusters needed
to qualitatively reproduce the results of other reported studies
for an MC environment. The population of our representative
nanosilicate grain is defined as the total Si atoms per H nucleon
(3.65×10−5) as in Weingartner & Draine (2001b), times the frac-
tion of Si atoms contained in nanoclusters (Ygr), divided by the
number of Si atoms in each nanocluster (3):

Ng = 3.65 × 10−5 · Ygr/3. (9)

With our accurate chemical structures, the rotational con-
stants Bn are directly available from:

Bn =
h

8π2In
, (10)

where In is the moment of inertia corresponding to the one of
three orthogonal rotational axes n ∈ x, y, z. In Appendix B we
report Bn values for all our nanoclusters.

The spectra derived in this work correspond to rigid-rotor
spectra under thermodynamic equilibrium and thus have some
intrinsic bias towards longer wavelengths as we do not incor-
porate the effect of centrifugal distortion. The addition of cen-
trifugal distortion terms is beyond the scope of the present paper
as their calculation generally requires significant extra compu-
tational effort (Puzzarini et al. 2010). Nevertheless, to estimate
the possible effect of distortion constants, we computed the dis-
tortion coefficients from anharmonic frequency calculations as
described in Barone (2005) for the P-1 and P-2 nanoclusters
using the Gaussian16 code (Frisch et al. 2016), employing DFT
based calculations with the PBE0 functional and a 6-31G* basis
set. In Appendix B we provide an estimate of spectral change
due to the inclusion of centrifugal distortion, which ranges from
0.2 to 3% with increasing size, from the P-1 to O-10 nanocluster,
respectively.

3. Nanocluster shape

In Fig. 1A and B, we plot Iy/Ix versus Iz/Ix for all considered
nanocluster structures in order to provide an overview of their
shape distribution. In principle, amorphous grains (i.e. with no
long-range crystalline atomic order) should not have any pre-
ferred growth directions. As such, in the absence of external

anisotropic factors, the intrinsic average shape of amorphous
grains is expected to be spherical. In contrast, for example, crys-
talline grains tend to exhibit facetted morphologies and are thus
intrinsically non-spherical (Zamirri et al. 2019). The nanocluster
structures presented in our work are clearly not crystalline and
hence it may be expected that they would become spherical as
their size increases. Interestingly, we actually find that many of
our silicate nanoclusters are still far away from being spherically
symmetric for the size range we consider. In general, a large frac-
tion of nanoclusters is found inside the prolate area of the plot.
The largest O-N nanoclusters are prolate with two moments of
inertia 40% larger than the smallest one. On the other hand,
the largest P-N nanoclusters are slightly oblate but relatively
closer to the spherical limit. Conversely, the largest SiO nan-
oclusters are largely prolate. The elongation of SiO nanoclusters
is a consequence of the side-by-side segregated nature of such
species, containing silica-rich (SiO2) and silicon-rich (Si) frac-
tions respectively, which causes an elongation of the nanocluster
structure (Bromley et al. 2016).

In Fig. 1C and D we report the shapes of two large sets of sil-
icate nanoclusters with fixed sizes and compositions but variable
chemical structures. Specifically, we plot Iy/Ix versus Iz/Iy for a
set of 180 P-6 isomers (C) and 180 O-6 isomers (D). In these
plots, the colour code represents the relative energy of each iso-
mer with respect to the lowest energy structure in each set. The
random distribution of colours in both plots confirms the lack
of correlation between energetics and shape. The P-6 structures
cover a wide range of Iy/Ix and Iz/Ix values with both ratios reach-
ing up to 3 and with respective median values of 1.51 and 1.78.
For P-6 these two ratios are correlated with each other such that
the plotted data follow a fairly narrow band that lays close and
parallel with the limiting prolate shape line. Only for Iz/Ix values
lower than ∼1.6 do we find a few P-6 structures that are dom-
inantly oblate. Overall, only 20% of the particles appear to be
below the line that separates the prolate from oblate particles.

The O-6 structures cover a smaller range of shape variability
than the P-6 set with all Iy/Ix and Iz/Ix values being less than
2 and respective median values of 1.17 and 1.37. As in the P-6
set, the majority of the O-6 structures have shapes which tend
to be more prolate. Here, however, the tendency is slightly less
pronounced with the O-6 set, and the fraction of particles in the
oblate region is 37%.

Several studies have tried to obtain dust grain shapes by cal-
culating the polarization caused by differently shaped particles
and comparing it to observation. Most models rely on spheroidal
particles, where the free parameter is the axial to equatorial ratio,
also known as aspect ratio (AR = a/b) with a > b. Several works
have reproduced observed polarizations using grains with AR
values of 1.33 (Gupta et al. 2005) or between 1 and 2 (Draine &
Fraisse 2009). The largest AR values are reported by Das et al.
(2010) to be between 2 and 3. Although these studies tend to
address the shape of relatively large grains (i.e. size∼ 0.1 µm),
the evolution of AR values with increasing size from the nan-
ocluster scale upwards can potentially help us understand the
origin of the shape of larger grains. The ultrasmall nanoclusters
considered herein can be thought of as nucleation seeds for dust
growth, as considered in the works of Gobrecht et al. (2016) and
Goumans & Bromley (2012), and are thus likely to influence the
shape of larger grains. In Fig. 2 we report the change in the AR
values of our nanoclusters with respect to the number of atoms.
For very small nanocluster sizes there is a high degree of fluc-
tuation in the AR values for all considered nanocluster species.
For the SiO-N nanoclusters this behaviour persists for all sizes.
However, for the O-N and P-N set of nanosilicates the AR values
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Fig. 1. Ratio between the largest and smallest moment of inertia (Iz/Ix) with respect to the ratio between the intermediate moment of inertia to the
smallest one (Iy/Ix) for three selected sets of nanoclusters. The black circle indicates the ratio that defines a perfect sphere (Iy/Ix = Iz/Ix = 1), while
the dashed lines show the prolate (Iz = Iy > Ix) and oblate (Ix = Iy < Iz) limits. (A) Lowest energy O-N and P-N nanoclusters for N = 1–10 and
SiO-N nanoclusters for N = 1–20, grey area corresponds to the plotted area in (B). (B) Zoom of the plot in (A) over a 1.0–1.8 range for both axes.
(C) 180 P-6 nanocluster isomers. (D) 180 O-6 nanocluster isomers.

Fig. 2. Aspect ratio (AR) of O-N , P-N and SiO-N nanoclusters with
respect to the number of atoms in each nanocluster. The dashed line
corresponds to AR = 1.33 as determined by Gupta et al. (2005).

seem to be stabilizing at larger sizes to lay in a range between 1.7
and 1.3 in line with the values used by Gupta et al. (2005) and
Draine & Fraisse (2009). We note that these results are tenta-
tive as they correspond to a tendency derived from only a few
nanoclusters over a small size range.

4. Dipole moments

The proposal for nanosilicates being the source of the AME was
established in the works of Hoang et al. (2016) and Hensley &
Draine (2017). Using an expected fraction of silicate nanoclus-
ters relative to the total Si abundance in the ISM of between 0.06
and 0.14, they concluded that nanosilicates could explain the
entirety of the observed AME in the ISM. In order to reach this
conclusion it was necessary that the silicate nanoclusters should
comply with:

β = µ/
√

Natoms ≥ 0.3, (11)

where N is the number of atoms in the nanocluster and µ is
the dipole moment in Debyes. Without detailed accurate data
pertaining to such nanosilicates, the compliance with the above
criterion was justified by the following hypothesis: since the Si-O
bond is polar and the structure of the nanosilicates is assumed
to be amorphous, random orientations of the Si-O bonds will
lead to the formation of a permanent dipole in the nanosilicate.
Assuming a simple near-spherical volume dependence on Natoms
(using a bulk silicate density) and a fixed value for the dipole
moment of the Si-O bond, a random walk can be used to estimate
values of µ for different values of Natoms (Hoang et al. 2016).

In the present work, the dipole moments of our nanoclus-
ters are calculated directly from their charge distributions (see
above). In Fig. 3 we show the chemical structures and charge
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Fig. 3. Chemical structure (left) and electrostatic potential projected
upon the electron density (right) for most stable (MgSiO3)5 P-5 nan-
ocluster isomer (A), and the most stable (Mg2SiO4)4 O-4 nanocluster
isomer (B). Atom colour key: Si – yellow, O – red, Mg – pink. The
charge density isosurface value is 0.1 e/Å3. The electrostatic poten-
tial ranges from −0.07 (blue) to 0.07 (red) in AU. The orange arrows
indicate the direction of the dipole moment vector.

density distributions for the P-5 and O-4 nanoclusters. Here,
the charge density is bounded by a surface which follows a
fixed charge density value (i.e. a charge density isosurface) typ-
ical for the outer region of an atom. Such isosurfaces provide
a visual means to appreciate the detailed atomistic shape of a
nanocluster. The colouring of the isosurfaces is proportional to
the electrostatic potential at each point (i.e. a measure of the
energy required to take an electron from zero electric field to
a point on the isosurface). The blue (negative) regions corre-
spond to regions for which it is more energetically favourable
to place an electron (i.e. indicating local excess positive charge),
and red (positive) regions correspond to where it is more energet-
ically costly to place an electron (indicating local excess negative
charge). Green regions correspond to more neutral areas. Over-
all, the presence of a dipole in a nanocluster is compatible with
spatial asymmetries of the electrostatic potential on an isosur-
face which surrounds the nanocluster. Clearly, in the cases of
P-5 and O-4, the blue and red areas do not symmetrically cover
the isosurfaces of each nanocluster and thus a dipole is expected
in both cases. The direction of the dipole in each case is shown
by an arrow.

We note that the Si cations always sit centrally with respect
to four tetrahedrally bonded O anions and are thus always inside
the nanoclusters. Perfectly symmetric [SiO4]4− tetrahedra pos-
sess no dipole moment (as the dipoles of the four Si-O bonds
cancel each other) and thus would not contribute to the overall
dipole moment of a nanocluster. In our small nanoclusters, these
silica tetrahedra only display small deviations from their ideal
structure (Escatllar et al. 2019) and thus do not tend to make a
significant contribution to the overall calculated dipole moments.
We also note that, although the structures of silicate nanoclusters
are non-crystalline, often we find some [SiO4]4− tetrahedra that
are orientationally aligned (see atomistic structures in Fig. 3).
Overall, the presence of large dipole moments in nanosilicates is
clearly not simply due to random orientations of Si-O bonds as
suggested by other authors (Hoang et al. 2016).

Inspecting the atomistic structures of our nanoclusters and
their associated electrostatic potential we find that generally the
regions with largest negative electrostatic potential correspond
to surface Mg2+ cations positions, while areas of positive elec-
trostatic potential are associated with surface oxygen anions
locations. This tendency can be understood from the lower num-
ber of neighbours for ions at the nanocluster surface and a
resultant lowering of the shielding of the electrostatic field for
these ions in directions away from the nanocluster. Asymme-
tries in the positions of anions and cations near a nanocluster
surface will thus tend to produce an overall nanocluster dipole.
Conversely, the short-range dipoles due to alternating charges

of cations and anions within the nanocluster will tend to be
both counteracted by dipoles of neighbouring ion pairs and/or
be shielded by the polarisation of the surrounding charge density.
The energetic stability of a silicate nanocluster mainly depends
on the number and strength of interactions due to ionic bond-
ing. Although asymmetric arrangements of cations and anions
tend to give rise to dipoles, generally in a small nanocluster the
energetic cost to maintain an overall dipole is outweighed by the
sum of bonding interaction energies. Overall, we find that only
very few nanocluster isomers have symmetric atomistic struc-
tures which naturally lead to a zero overall dipole. In our set
of lowest energy nanoclusters, the P-6 nanocluster is an exam-
ple of a symmetric structure with no dipole. To highlight this
is not a typical situation, in Fig. 4A we plot the relative ener-
getic stabilities against the dipole moments of 180 low energy
(MgSiO3)6 isomers, clearly showing the anomalously low dipole
of the P-6 structure. Similarly, for olivine nanoclusters in Fig. 4B
we show the analogous plot for 180 low energy (Mg2SiO4)6 iso-
mers where the lowest energy O-6 nanocluster has a finite dipole
and where only two metastable isomers have dipole moments
close to zero. In both cases, we note that there is no corre-
lation between relative energetic stability and dipole moment,
confirming that the energetic cost of maintaining a dipole in
nanosilicates is small compared to the internal bonding energy.

While the lowest energy nanocluster structure would be the
most populated in thermodynamic equilibrium, processing in
astronomical environments could generate metastable isomers
which can be kinetically trapped for long periods of time. As
such, rather than the dipole moment of only the lowest energy
nanocluster, a better overall estimate of the dipole possessed
by astronomical nanosilicates may be to take an average dipole
moment over a set of nanocluster isomers. In Figs. 4A and B
the vertical red dashed lines indicate the median of the dipole
moment all corresponding isomers. In both cases, the median
dipole value is found to be larger than the dipole moment of
the respective lowest energy nanocluster. Although this result is
expected for the P-6 case for which the dipole moment is zero,
the dipole moment the O-6 nanocluster is also significantly lower
than the median value. These results indicate that our calculated
dipole moments for the lowest energy nanocluster for each size
is likely to be a lower bound estimate with respect to an average
value taken with respect to many nanocluster isomers for that
size. In Fig. 4C we compare the µ (Debye) values against number
of atoms (Natoms) for all our O-N, P-N and SiO-N nanoclusters in
their neutral state. The grey shaded area in the plot highlights the
region for which nanosilicates would not significantly contribute
to the AME (i.e. µ(Natoms) < β

√
Natoms for β= 0.3), as estimated

in previous studies (Hensley & Draine 2017; Hoang et al. 2016).
The black dashed lines indicate the previously estimated upper
and lower limits for dipole moments (i.e., β= 1.0 and β= 0.3)
for nanosilicates in the two previous references. These upper and
lower limits are also indicated in Figs. 4A and B by vertical black
dashed lines. Overall, the µ(Natoms) values of the olivine and
pyroxene nanoclusters show little regularity with respect to size.
The µ(Natoms) values of the smaller P-N and O-N nanoclusters
have some tendency to fluctuate more at smaller sizes proba-
bly due to the greater proportion of surface to interior atoms
in such species. The O-4 nanocluster has a particularly large
dipole moment for its size, which is even larger than that of the
O-1 nanocluster. As noted above, the origin of such large dipole
moment seems to be the presence of a low coordinated surface
Mg cation (see Fig. 3) which is not counteracted by any other
ion. Generally, the majority of O-N and P-N nanoclusters (except
for the symmetric P-2 and P-6 nanoclusters) possess µ values,
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Fig. 4. Top: values of µ (Debye) against relative energy (eV) of nanocluster isomer with respect to the lowest energy structure for P-6 isomers (A)
and O-6 isomers (B). In each plot, the black dashed lines indicate the lowest and highest previously estimated dipole moments for nanosilicates
(Hoang et al. 2016), while the red dashed lines mark the median value calculated for each data set. (C) Dipole moments µ for O-N (red circles),
P-N (blue triangles) and SiO-N (green squares) nanoclusters with respect to the number of atoms Natoms. The blue and red crosses correspond to
the average dipole µ values for the P-6 and O-6 isomer shown in (A) and (B) with the error bars indicating the variance in µ values for each set. The
grey shaded area corresponds to the region where the dipole moment is too small for nanosilicates to contribute substantially to the AME. The two
dashed lines correspond to the limits in (A) and (B).

which, although varying in a rather irregular manner, are above
the lower value deemed significant for contributing to the AME
(i.e. β= 0.3). Many of these nanoclusters have dipole moments
that are close to, and sometimes above, the upper estimated limit
(i.e. for β= 1.0) for nanosilicates. As noted above, as our µ values
are calculated for the lowest energy nanoclusters, this means that
they are likely lower estimates of median dipole moments for
each size and composition. In Fig. 4C we also include median
and variance of the set of µ values for (MgSiO3)6 (Natoms =
30) and (Mg2SiO4)6 (Natoms = 42) isomers plotted in Figs. 4A
and B. In both cases, the dipole moment of the original lowest
energy nanocluster would be shifted to near or above the nota-
tional upper limit line. Clearly, however, whether we take median
µ values or not, our Mg-rich olivine and pyroxene nanoclusters
have dipoles that are sufficiently large to significantly contribute
to the AME.

In contrast to the O-N and P-N species, the neutral SiO-N na-
noclusters generally display significantly lower dipole moments

making them less likely to contribute to the AME. For many of
the SiO-N nanoclusters the µ values are on, or below, the lower
limit for AME significance. Only five of the nineteen SiO-N nan-
oclusters considered have sufficiently large dipole moments to
be above this limit. The zero dipole of the first few SiO-N nan-
oclusters can be ascribed to their symmetric structures. However,
for larger sizes (SiO)N nanoclusters tend to structurally segre-
gate into oxygen-rich (i.e. SiO2-like) and silicon-rich regions in a
side-by-side fashion (Bromley et al. 2016). Although, such struc-
tures are suitably asymmetric for possessing a large dipole, in the
neutral state charge does not tend to localise on either segregated
region. As such the only ionic charge imbalance come from the
formation of Si-O bonds in the oxygen-rich regions which, in the
absence of network disrupting Mg2+ ions, tend to form symmet-
ric (SiO)x rings and (SiO4)4− tetrahedra, both of which possess
very low dipole moments.

As noted above, ISM silicates are likely to contain a small
fraction of Fe2+ in their chemical structure, which has been
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Fig. 5. Structure of the P-4 nanocluster with the different cation
positions labelled.

Table 1. Dipole moment variation of the P-4 structure by substituting
one Mg2+ by one Fe2+ in each of the four different sites (C-1 to C-4).

Structure µ (D) ∆µ (D)

Original P-4 2.83 0.00
Fe C-1 3.55 +0.72
Fe C-2 1.56 −1.27
Fe C-3 3.06 +0.23
Fe C-4 2.34 −0.49

Fe mean 2.63 −0.2

assumed to explain the polarization of starlight and polarized
emission from aligned dust grains (Hoang et al. 2010). Although
the present work does not deal with polarisation, the inclusion
of Fe2+ could nevertheless affect the calculated dipole moments
of the nanoclusters. As a test case we evaluate the change in
the dipole moment induced by substituting one Mg2+ cation
by a Fe2+ cation in the P-4 nanocluster in all four symmetri-
cally inequivalent positions, C-1 to C-4 (see Fig. 5). We note
that the energetic stability of Fe2+ substitution in each of the
positions is very similar (difference of <0.2 eV) and thus all
could be occupied in a population of Fe2+-substituted P-4 nan-
oclusters. In Table 1 we show the dipole moments of the P-4
nanocluster with each C Mg2+ cation substituted by a Fe2+

cation. The results show that the dipole moment of the Fe-
substituted small P-4 nanocluster can both increase and decrease
with respect to the Mg-pure original P-4 structure. In this case,
we find a maximum variation of −1.27 Debyes. Although in
this extreme case the dipole reduction is significant, the total
dipole moment is still 1.56 Debyes and thus the nanocluster
would still be a viable carrier of the AME. Overall, in this test
case, the range and average change of dipole moment due to
Fe-substitution would not be significant compared to the dipole
variation expected due to structural isomerisation (see Figs. 4A
and B).

Charging of nanoclusters will also affect their electronic
structure and hence their corresponding dipole moment. In addi-
tion, an excess charge can significantly affect the interaction
between a nanocluster and its environment, influencing, for
instance, the collisional cross-section or the grain temperature.
In Draine & Lazarian (1998), the effect of grain charging on the
dipole is modelled by assuming that the extra charge is localized
over a region of the grain with the charge centroid displaced from
the centre of mass by 1% of the grain radius (see also Purcell
1975). Such a localized charge would then add to the intrinsic
dipole moment by ∆µ = εaxZe, with ε = 0.01 being the displace-
ment of the charge centroid with respect to the centre of mass, ax
the grain radius and Ze the grain charge. The overall predicted
effect is that charging a grain increases its dipole moment by
a small amount. In Fig. 6 we report the difference in dipole

Fig. 6. Dipole moment (Debye) difference between ionic (red circles:
anionic, blue triangles: cationic) and neutral states for the SiO, pyroxene
and olivine nanoclusters. The dashed line correspond to the increase of
dipole moment using the model of Draine & Lazarian (1998) and using
the largest nanocluster axis to project the displacement.

moment in the ±1 anionic/cationic states of our nanoclusters
with respect to that of corresponding neutral nanoclusters where
the dashed lines indicate the increase in dipole predicted by clas-
sical top-down modelling (Draine & Lazarian 1998). Clearly, in
nearly all cases the changes in dipole we observe in our quantum
chemical calculations are significantly larger and less regular in
magnitude with respect to size and composition than the clas-
sical estimates. Typical changes in the dipole moment for the
classical model are of the order of 0.2 D. Thus, due to the large
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Fig. 7. Chemical structures of anionic nanoclusters for: (A) (SiO)7 and
(B) (SiO)10 nanoclusters. The black dots correspond to the centres of
mass. Oxygens are shown as red, while silicon is shown as yellow or
green. The green colour indicates that the Si centre in question charge
possesses a larger than average negative charge.

range in the difference of dipole moments in Fig. 6 the pre-
diction of classical model appears as a horizontal line close to
zero. Even though it seems intuitive that adding a charge to
a nanocluster would increase its dipole moment, the results of
our accurate electronic structure calculations show that this is
not necessarily the case. In fact, for most of the O-N and P-N
nanoclusters a change in the charge state results in a dimin-
ished dipole moment, suggesting that the added charge allocates
itself to counteract the existing dipole of the neutral nanoclus-
ter. This is most clearly exhibited for the O-4 nanocluster which,
as a neutral nanocluster, has a large dipole moment. However,
once the O-4 nanocluster becomes charged most of the dipole
moment is counteracted. Conversely, charged SiO-N nanoclus-
ters with N ≥ 10 exhibit large and consistent increases in their
dipole moments. The reason for such behaviour in these nan-
oclusters is their asymmetric segregated nature. Although in the
neutral charge-balanced state these segregated nanoclusters have
low dipole moments (see above) excess charge localizes on either
the O-rich or Si-rich side of the nanocluster giving rise to a
spatially asymmetric charge distribution and the generation of
a significant dipole moment. We note that for N < 10 the SiO-N
nanoclusters have a more symmetric structure and the additional
charge is distributed in a more balanced way, thus not leading to
large dipole increases. In Fig. 7 we show structures of the (SiO)7
and (SiO)10 nanoclusters, where we colour in green the atoms
that receive most of the electron density from an added elec-
tron. The (SiO)7 cluster distributes the electron density on three
peripheral Si atoms in a symmetric fashion that leads to little
change in the overall dipole moment. However, in the (SiO)10
nanocluster the added electron is completely localized on the
Si-rich region which generates a large difference between the
centre of mass and centre of charge, dramatically increasing
the dipole moment.

5. Ionization potentials and electron affinities

From our quantum chemical calculations we can also extract the
electron affinity (EA) and the ionization potential (IP) of our
nanoclusters. These two parameters can be used to help under-
stand the charge state of the nanoclusters in various astrophysical
environments as well as to determine the temperature of the ISM
(Weingartner & Draine 2001a). Figure 8 provides the IP and
EA values of the O-N, P-N and SiO-N nanoclusters versus their
radius in Å. Here we calculate the radius using the average of the
moments of inertia (i.e. modelling the nanocluster as a sphere
with homogeneous density). Although our nanoclusters are not
perfectly spherical (see above) we convert them to a spherical

shape in order to better compare our IP and EA values with val-
ues calculated using the classical electrostatic based equations
reported in Weingartner & Draine (2001a). For the IP values, the
discrepancies between our quantum chemical calculations and
classical electrostatic estimates are largest for both the smallest
O-1 and P-1 nanoclusters (>3.5 eV). With increasing nanoclus-
ter size our calculated IP values for the O-N and P-N series
gradually decrease linearly with respect to the nanocluster radius
whereas the classical electrostatic values decrease proportionally
to the inverse nanocluster radius. For the P-N set of nanoclusters,
our calculated values meet the classical estimated tendency at a
radius of ∼4.0 Å and match well up to a radius of ∼4.7 Å. For
the O-N nanoclusters, the IP values as predicted by our quan-
tum chemical calculations tend to be approximately 0.5 eV lower
than those of the P-N nanoclusters. As such, the IP values for the
O-N nanoclusters would likely match the classical prediction at
nanocluster size larger than of those considered in this study (for
the P-10 nanocluster the difference is ∼0.5 eV). For the SiO-N
nanoclusters our calculated IP values are always significantly
below the classical approximation, where, even for the largest
seven SiO-N nanoclusters, the difference is >3 eV.

The quantum chemically calculated EA values for both
O-N and P-N nanoclusters appear to follow a similar gradu-
ally decreasing tendency with respect to increasing radius, with
both sets of values seeming to reach a plateau at 0.86 eV for the
largest sizes. Conversely, the classical electrostatic values follow
a negative inverse radius relationship with respect to nanoclus-
ter radius which crosses the limiting plateau EA value over a
radius range of ∼3–5 Å. Moving above and below this nanoclus-
ter size range the discrepancy between the classical electrostatic
predicted EA values and the quantum chemical values increases.
For the SiO-N nanoclusters the general tendency is for the EA
values to increase in a fairly consistent fashion with respect to
the classical approximation. Generally, the magnitudes of the
calculated EA values for smaller SiO-N nanoclusters tend to be
higher than those predicted by the classical estimates. However,
for the larger SiO-N nanoclusters, for N = 10–19, the calculated
EA values oscillate above and below the classical prediction.

The IP and EA values reported by Weingartner & Draine
(2001a) are used for silicate nanocluster sizes with a >3.5 Å
(see solid portion of black lines in Fig. 8). Comparing our cal-
culated IP values with those of Weingartner & Draine (2001a)
in this region for the O-N and P-N nanoclusters we obtain max-
imal differences of ∼1 eV for nanoclusters of 3.5 Å radius and
∼0.5 eV for a 5 Å radius. However, for the SiO-N nanoclusters
the respective energetic differences are ∼6 and ∼4 eV. For the
EA values, the corresponding energy differences for the O-N and
P-N nanoclusters are <0.5 eV for nanoclusters of 3.5 Å radius,
and ∼0.8 eV for 5 Å radius nanocluster. For the SiO-N nanoclus-
ters the respective energy differences are ∼3 and ∼0.5 eV.

In general, the size dependence of the values of the IP and
EA as predicted by classical electrostatic arguments is not in
very good overall agreement with that of more accurate quan-
tum chemical calculations. However, for O-N and P-N silicate
nanoclusters with a radius close to ∼4 Å the match between the
EA and IP values from the two types of calculations is quite
reasonable. For the IP values this match is fairly well main-
tained for larger nanocluster sizes, whereas for the EA values
the correspondence deteriorates. For the SiO-N nanoclusters our
quantum chemically calculated IP values are always significantly
below those predicted by the classical approximation although
for larger sizes the EA values predicted by both methods tend to
be in closer agreement.
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Fig. 8. IPV (A) and EAV (B) for the O-N (red circles), P-N (blue triangles) and SiO-N (green squares) nanoclusters. The dashed and solid black line
corresponds to the classically derived equations used in Weingartner & Draine (2001a). Note that only the solid part of the black line corresponds
to values applied to nanosized grains in Weingartner & Draine (2001a).

Fig. 9. Emissivity of a representative grain of (Mg2SiO4)3 containing 1% of the total Si budget at rotational temperatures of T=10 (red, left), 20
(black, middle) and 40 (dark blue, right) K under MC conditions as described in Draine & Lazarian (1998). The maximum emissivity of the models
of Ali-Haïmoud et al. (2009, AHHD) and Draine & Lazarian (1998, DL98) are also plotted.

6. Microwave emission

The quantum mechanical derived data in this work allows us to
derive the microwave emission of our nanosilicates. Figure 9
shows the predicted emissivity of a population of represen-
tative O-3 nanoclusters under general assumed conditions of
MCs as described in Draine & Lazarian (1998), using three
rotational temperatures of Trot = Tdust = 10, 20 and 40 K and
containing a fraction of 1% of total Si. Thus, the only differ-
ence in the three models corresponds to changes in temperature.
As expected, an increase in temperature causes an increase of
emissivity and peak frequency. For the temperature of 20 K,
both peak position and emissivity are in very good agreement
with the models of Draine & Lazarian (1998, model DL98) and
Ali-Haïmoud et al. (2009, model AHHD). Again, we highlight
that both cited methodologies compute the rotational distribution
of the grains by estimating the influence of numerous phys-
ical processes involved in accelerating and decelerating grain

rotation. Thus, such models can be applied to a wide range of
environments where rotation may be above or below the thermal
rotation rate. Several parameters are required for such models,
both for the environment and the grain. Nevertheless, in some
circumstances, the rotational energy distribution will still follow
the Boltzmann distribution. In Appendix A we show that, under
general MC conditions, the present study under the assump-
tion of LTE slightly overestimates the emission in comparison
with the detailed models of DL98 and AHHD by ∼40%. On
the other hand, the O-3 nanocluster possesses one of the lowest
non-zero dipoles moments in our considered set of nanocluster
isomers. In Fig. 4 we show that the average dipole moments
of a population of P-6 and O-6 nanocluster isomers is larger
than that of the lowest energy P-6 and O-6 nanocluster iso-
mer. Assuming this is a general tendency, we should then use
a larger dipole moment value for a representative average O-3
nanocluster. Doing so would cause the calculated emission to
be larger than shown in Fig. 9 and would imply that a lower
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Fig. 10. Calculated microwave emission spectra of the P-1 (A), O-1 (B), O-2 (C) and O-3 (D) nanoclusters at T = 20 K normalized so that the most
intense peak has unit intensity. For P-1 no clear separation between lines is found. For O-1, the most intense lines are separated by a line spacing
of 1.85 GHz, which lowers to 1.3 Ghz for O-2. For O-3 the density of states becomes too large to identify a line-spacing, although some individual
lines appear.

abundance of nanoclusters would be required to produce this
emission.

Li & Draine (2001) argued that silicate nanoclusters with
diameters ≤1.0 nm radii could not contain more than 15% of
Si in the ISM based on the lack of IR signatures attributed
to silicates. Based on this constraint, Hensley & Draine (2017)
and Hoang et al. (2016) argued that the entirety of the AME
could be attributed to such silicate nanoclusters as long as they
possess sufficiently large dipole moments. We note that such
constraints should be viewed with caution as the IR spectra
of silicate nanoclusters can not generally be extrapolated from
those of bulk silicates (Zamirri et al. 2019; Escatllar et al. 2019).
Herein, having access to the silicate nanocluster dipole moment,
we can, instead, find the appropriate population of nanoclus-
ters that would be required to account for the observed AME.
Our modelling requires only 1% of the total Si budget to repro-
duce AME predictions of other models in MCs. In this way, we
have an alternative bottom-up constraint on silicate nanocluster
abundances based on microwave observation.

As noted in Draine & Lazarian (1998), the use of classical
mechanics to describe the microwave emission can be justified
if a grain is above a certain size or temperature. However, sev-
eral of our grains are small enough to be effectively considered
molecules, such as P-1, O-1 and a fraction of the smaller SiO-
N species. In addition, the high resolution achievable by radio
telescopes (e.g. 0.4 MHz, Ali-Haïmoud et al. 2015) requires
us to evaluate the possibility that, even if the overall spectral
shape of the emission can be described by classical mechan-
ics, at such high resolutions some hint of structure could also
be found. Although a full analysis of the microwave spectra of
the nanoclusters is beyond the scope of the present work, in
Fig. 10 we show the calculated normalized (i.e, strengths are
relative to the most intense signal) microwave spectra for the
small P-1, O-1, O-2 and O-3 nanoclusters at MC conditions

(20 K rotational temperature). P-2 was not considered as its high
symmetry leads to a zero dipole moment, and thus no emis-
sion. We find that the P-1 spectrum shows a complicated pattern
of well-separated peaks (see Fig. 10A) with no clear constant
line-separation. The O-1 nanocluster also shows molecular-like
emission spectrum, but in this case the main peaks are much
more consistent showing a spacing of ∼1.8 GHz. With increas-
ing nanocluster size, the density of states increases and the peak
separation becomes smaller and the spectra become an almost
continuous (see Fig. 10D).

In Fig. 11, we compare the microwave emission spectra
of Mg-pure olivine and pyroxene nanoclusters with three sizes
(small: one monomeric unit of olivine and pyroxene, medium:
P-4 and O-3 nanoclusters containing 20 and 21 atoms respec-
tively, and large: P-10 and O-10 nanoclusters, containing 50 and
70 atoms respectively) in conditions representative of MCs (T =
20 K). The fraction of the total Si budget in the nanoclusters
is taken to be 1% for the medium and large nanoclusters and
10−5 for the smallest ones. With increasing size we find that the
emissivity rapidly decreases. The plots in Fig. 11 show that, as
expected, an increase in mass is correlated with a decrease in the
magnitude of the rotational constants (see Table B.1), and thus a
smaller spacing of the rotational levels. Hence, the spectral peaks
are displaced towards lower frequencies with an increasing num-
ber of atoms. It is clear from Fig. 11 that the microwave emission
from all the nanoclusters in the size range we consider overlaps
with the observed frequency range of the AME at T= 20 K. The
smallest nanoclusters have emission covering most of the observ-
able AME frequency range but tend to peak at higher frequencies
than those observed. At 20 K, we find that the emissivity of the
smallest P-1 and O-1 nanoclusters peaks at a frequency close
to 100 GHz. As AME observations generally have a maximum
emissivity in the range between 20 and 30 GHz, it follows that
the population fraction of the O-1 and P-1 nanoclusters must
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Fig. 11. Calculated microwave emission spectra for the O-N and P-N for small (i.e. N = 1 for O-N and P-N , black), large (i.e. N = 10 for O-N and
P-N, blue) and medium-sized nanocluster containing ∼20 atoms (N = 3 for O-N, N = 4 for P-N and N = 10 for SiO-N , red) under MC (T = 20 K)
conditions. The emissivity is calculated using a fraction of 0.01 of Si in the medium and large nanoclusters and 1e-5 for the smallest nanoclusters.

be smaller than the 10−5 used in our modelling. Conversely,
from Figs. 9 and 11 it can be seen that Mg-rich silicate nan-
oclusters containing 20 to 30 atoms can best account for the
observed AME spectral shape in MC conditions. Since larger
rotational temperatures imply emission at higher frequencies,
larger nanoclusters (∼50 to 70 atoms) could also then be signif-
icant contributors to the AME. With respect to observation, the
monomeric species P-1 and O-1 would appear as the most eas-
ily detectable species due to the large separation between their
spectral peaks and their large emissivities.

7. Conclusions

While the evidence that small spinning dust grains are the source
of the AME seems to be well established, the nature of the
potential nanosized carriers is still under discussion. In this work
we perform accurate bottom-up quantum chemical calculations
of the properties of astronomically relevant silicate clusters of
Mg2SiO4 (olivine), MgSiO3 (pyroxene) and SiO (silicon monox-
ide) with diameters ≤1 nm, with the main aim of clarifying their
importance as carriers of the AME. Our results provide strong
evidence that silicate nanoclusters, if present, would be a major
component of the AME. Specifically, our results show that:
1. Mg-rich olivine and pyroxene silicate nanoclusters are

mainly prolate shaped, with no clear tendency to become
spherical with increasing size.

2. The size dependency of IP and EA values calculated by
classical electrostatic estimates are generally not in good
agreement with those from quantum chemical calculations.
However, for olivine and pyroxene nanoclusters with radii
close to 4 Å the agreement between both approaches is
reasonable.

3. The dipole moments of neutral Mg-rich silicate clusters of
both olivine (Mg2SiO4) and pyroxene (MgSiO3) composi-
tions are large and well above the estimated minimum for
silicates to contribute to the AME. Our statistical analysis of
dipole moments for over 180 nanocluster isomer structures
for two sizes, (Mg2SiO4)6 and (MgSiO3)6, shows less than
4% have a dipole moment below the required values. SiO
clusters on the other hand tend to have much lower dipole
moments and are less likely to be significant contributors to
the AME.

4. Changing the charge state of the nanoclusters can signifi-
cantly increase or decrease the dipole moment of a neutral
nanocluster. For O-N and P-N nanoclusters and the smallest
SiO-N particles (with N < 10) ionisation generally lowers
the dipole moment of the particle, although the resulting
dipoles are still large enough to significantly contribute to
the AME. For the segregated SiO-N particles (N > 10) the
charge is generally localized in the Si-rich part of the nan-
ocluster, generating a large separation between the centre
of mass and centre of charge, thus increasing the dipole
moment. In such circumstances, charged SiO-N nanoclusters
have larger dipole moments than similar sized magnesium
silicate nanoclusters.

5. Substituting a small fraction of Mg2+ cations by Fe2+ cations
can both increase or decrease the dipole moment of a magne-
sium silicate nanocluster. Although this effect can be fairly
large for individual substitutions, it appears that the overall
effect does not tend to significantly diminish the magnitude
of nanocluster dipole moments. In particular, consideration
of Fe2+ is very unlikely to affect our overall confirmation that
silicate nanoclusters have sufficiently large dipole moments
to be carriers of the AME.

6. Using a Boltzmann distribution to describe the population
of the rotational levels we find that we only require 1% of
the total Si abundance to be contained in Mg-rich silicate
nanoclusters in order to reproduce the results of previously
published AME models. Thus, we find that the abundance
of silicate nanoclusters is better constrained by microwave
spectra than IR spectra.

7. By virtue of their detailed and, in principle, resolvable
microwave emission spectra, smaller silicate nanoclusters
(e.g. P-1, O-1, O-2 and any isomer having <20 atoms) are
primary candidates that could provide direct observable evi-
dence of silicate nanoclusters in different ISM phases as well
as to allow determine dust temperatures.
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Appendix A: Rotational emission for a PAH:
comparison with other models

Using the equations described in the Sect. 2, in this appendix
we compare the results of our model with those from the works
of Ali-Haïmoud et al. (2009) and Draine & Lazarian (1998).
The parameters of each environment can be found in Draine &
Lazarian (1998), where we have used the dust grain tempera-
ture as the rotational temperature of our grains. The number
of grains for our particle containing NC = 20 atoms is extracted
from the FORTRAN code in Weingartner & Draine (2001b)
using a radius of ≈3.5. Dust particles of this size are likely
to be the most important contributors to the AME, although
larger particles also contribute to the emission. Figure A.1
shows a comparison of the results between our model and the
results from Draine & Lazarian (1998) and Ali-Haïmoud et al.
(2009). In CNM conditions, where the densities are extremely
low and there is a large discrepancy between dust and gas
temperature (Td = 20 K, Tg = 100 K) we find a large dis-
crepancy between published models and our model. Here our

calculated emissivities are larger than expected and can not
be reconciled by lowering the rotational temperature. For the
MC environment, our result is 1.4 times larger than other pub-
lished models. Surprisingly, for DC our model provides lower
emissivities than those previously estimated. In DC, the densi-
ties are sufficiently large to expect a distribution dominated by
collision interactions, which would cause the rotational temper-
ature to be equal to the gas kinetic temperature. For RN, while
Td , Tg, the emissivity is reduced by 60% compared to other
models.

From Fig. A.1 both the emissivity and peak position obtained
in our model is in good agreement for the MC, DC and RN
cases. Taking into account that the reported data from DL98 and
AHHD correspond to total microwave emissivities for all PAHs
and our data corresponds to a single particle, it is expected that
our results should appear close to or below the reported data
points in terms of emissivity, and at slightly larger frequencies
in terms of peak position. The MC case shows larger emissiv-
ity in our model than expected, while the best case scenarios
correspond to DC and RN conditions.

Fig. A.1. Microwave emission from fictitious PAH with the rotational constants A = 432 B = 370 and C = 344 MHz under several astronomical
environments: Cold Neutral Medium, Molecular Cloud, Dark Cloud and Reflection Nebula.
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Appendix B: Rotational constants and dipole
moments of silicate nanoclusters

Table B.1. Rotational (Bα) constants (MHz) for the nanoclusters in this
work.

Molecule Bx (MHz) By (MHz) Bz (MHz)

O-1 3260.983 1291.755 925.244
O-2 614.676 583.865 373.861
O-3 312.054 277.278 221.305
O-4 196.153 143.527 106.91
O-5 114.285 101.138 75.222
O-6 85.73 72.891 64.873
O-7 73.928 47.551 42.208
O-8 54.536 40.455 38.061
O-9 45.888 31.399 29.14
O-10 37.203 28.814 24.862
P-1 9876.871 2947.067 2269.802
P-2 1472.618 1176.786 746.653
P-3 565.57 492.799 398.548
P-4 391.274 210.07 189.036
P-5 279.393 158.611 146.333
P-6 201.405 101.628 98.244
P-7 137.455 86.734 76.038
P-8 94.832 82.928 62.082
P-9 71.393 66.017 58.03
P-10 64.729 57.262 46.684
SiO-2 11267.036 5809.04 3832.887
SiO-3 2590.916 2590.65 1295.392
SiO-4 1224.702 1209.03 680.397
SiO-5 1408.354 430.413 416.801
SiO-6 614.419 445.02 442.944
SiO-7 467.093 467.05 277.431
SiO-8 352.59 336.434 267.523
SiO-9 289.786 227.942 214.823
SiO-10 229.872 178.145 134.59
SiO-11 242.421 98.354 89.432
SiO-12 196.505 101.967 87.743
SiO-13 155.539 82.323 76.655
SiO-14 148.656 64.472 64.22
SiO-15 133.012 52.728 50.781
SiO-16 158.38 48.654 46.506
SiO-17 81.492 68.293 51.566
SiO-18 90.666 42.475 41.509
SiO-19 86.865 50.438 50.425
SiO-20 72.194 46.981 42.23

Table B.2. Total dipole moments (µ) in Debyes (D) for olivine (O-N),
pyroxene (P-N) and silicon monoxide (SiO-N) nanoclusters.

Molecule µ (D)

O-1 9.50
O-2 6.00
O-3 1.99
O-4 11.60
O-5 2.03
O-6 3.28
O-7 6.60
O-8 6.56
O-9 5.79
O-10 3.27
P-1 12.60
P-2 0.00
P-3 3.28
P-4 2.83
P-5 4.28
P-6 0.00
P-7 6.39
P-8 5.29
P-9 6.61
P-10 5.29
SiO-2 0.00
SiO-3 0.00
SiO-4 0.00
SiO-5 0.73
SiO-6 2.20
SiO-7 0.18
SiO-8 1.68
SiO-9 1.79
SiO-10 1.41
SiO-11 1.19
SiO-12 0.92
SiO-13 1.44
SiO-14 1.08
SiO-15 1.52
SiO-16 0.76
SiO-17 1.63
SiO-18 1.78
SiO-19 3.13
SiO-20 3.55
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Appendix C: Estimate of changes due to
centrifugal distortion

The frequencies at which a linear rotor would emit are calculated
as:

νR(J) = 2B(J + 1) − 4D(J + 1)3. (C.1)

In general, the difference in orders of magnitude between
B and D is of the order of 4 to 6. As stated in the text,
the Gaussian16 package can calculate centrifugal constants. In
Table C.1 we compare the smallest rotational constant (Bz) with
the centrifugal constants (D j) for P-1 and P-2 nanoclusters.

The difference in orders of magnitude are 6 for P-1 and 7
for P-2. We can estimate the importance of the centrifugal term
by calculating the fraction 4D(J + 1)3/2B(J + 1) using J = 400,
B = 1 and two values of D1 = 10−6 and D2 = 10−7. For D1, the
fraction is 0.32, which means that the frequencies can be shifted
up to 32%, while for D2, the fraction lowers down to 3.2%.

Table C.1. Rotational (MHz) and Wilson centrifugal distortion con-
stants (kHZ) for P-1 and P-2 nanoclusters.

Molecule Bz (MHz) D j (kHz) D jk (kHz) Dk (kHz)

P-1 2269.802 0.4145 1.7794 6.3816
P-2 746.653 0.0531 −0.102 0.0357

We remind the reader that J = 400 may only be accessible for
the largest O-10 nanocluster, while the smallest particles should
achieve maximum J values of the order of ∼50 to ∼100. For the
P-1 nanocluster, we find that using the reported data in Table C.1
the difference is of the order of 0.2%. The centrifugal distortion
term will likely reduce as size increases, thus the most likely
value for the O-10 is D2 rather than D1. Hence, we expect our
results to have a typical error of approximately 3% with respect
to the real spectra.
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