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Abstract 

Infrared (IR) spectroscopy is the main technique used to identify and characterize silicate dust grains 

in astronomical environments. From IR spectra, the degree of crystallinity can be estimated and used 

to help understand the processing of dust occurring in different astronomical environments such as 

the interstellar medium (ISM) and circumstellar shells. Narrow spectral line shapes are assigned to 

crystalline grains, while broad signals are usually assumed to originate from amorphous material. 

Herein, we accurately calculate the IR spectra and energetic stabilities of several amorphous and 

crystalline silicate nanograins with an astronomically common Mg-rich olivinic (Mg2SiO4) 

stoichiometry and with sizes ranging from hundreds to thousands of atoms. Firstly, unlike at larger 

length scales, crystalline forsterite-like grains at the nanoscale, are found to be energetically 

metastable with respect to amorphous grains. However, from our careful analysis, we further show 

that the IR spectra of such nanosilicate grains cannot be unambiguously used to identify their 

structural nature. In particular, our work indicates that amorphous and crystalline silicate nanograins 

both exhibit broad IR spectra typical of non-crystalline grains, raising potential issues for estimates 

of the fraction of crystalline silicate dust in the ISM.   
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1. INTRODUCTION 

Silicates are a fundamental constituent the of solid matter in the universe and are abundantly and 

ubiquitously detected as dust particles in several environments, e.g., dense molecular clouds (MCs), 

circumstellar shells (CS) of young and old stars, comets and the interstellar medium (ISM).1–5 The 

lifecycle of silicate dust is very complex and involves newly generated dust in the CS of old dying 

stars, destruction, regeneration and processing in the ISM and subsequent incorporation in MCs and 

protoplanetary disks.1,2 Silicate dust is affected to a greater or lesser degree by the astrophysical 

conditions encountered throughout its journey. Knowledge of the structure and crystallinity of silicate 

dust can thus provide a diagnostic tool to help understand the physical and chemical conditions in a 

range of astronomical environments.  

Infrared (IR) spectra provide the primary source of information regarding the atomistic structure of 

astronomical silicate dust grains. Observations where well-defined IR peaks can be discerned give 

strong support for the presence of highly crystalline grains (e.g., in some CSs).6 In such cases, 

comparison with laboratory IR spectra from carefully prepared samples can help deducing the crystal 

structures and chemical compositions of the observed dust grain populations. From such studies, it 

has been confirmed that crystalline silicate dust is very magnesium-rich and primarily of either 

pyroxene (MgSiO3) and/or olivine (Ol, Mg2SiO4) composition.7,8 IR spectra from the ISM are 

dominated by two broad peaks at around 10 and 18 μm that are attributed to silicate vibrational Si-O 

bond stretching and O-Si-O bond bending modes, respectively. Such spectra are usually interpreted 

as originating from amorphous silicates.1 This assignment is supported by noting the strong similarity 

of such observed IR spectra with those from experimentally prepared bulk amorphous silicates.9–12 

Spectral analyses of carefully prepared laboratory samples have revealed that the position and width 

of these two characteristic IR peaks of dense glassy amorphous silicates vary, to an extent, with 

respect to the chemical composition,1,9 and the degree of thermal annealing.9–11 Interestingly, it has 

also been shown that experiments irradiating crystalline silicates with high energy ions, thus 

mirroring the environment of the ISM, can induce atomic disorder and porosity.13 Although these 

irradiated samples spectroscopically appear to be very similar to dense amorphous silicates, they 

likely retain residual pockets of the original crystal order. By fitting observed IR spectra using various 

combinations of laboratory spectra, a number of investigations have attempted to gain insights into 

the properties and structure of amorphous silicate dust from the positions and shapes of the 10 and 18 

μm silicate features.11,14,15 Since the lifecycle of silicate dust involves different types and degrees of 

energetic processing, insights into the evolutionary history of grain populations and how processed 

they are can be gained from knowing their crystallinity. By fitting the observed 10 μm absorption 
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feature using laboratory IR spectra from both amorphous and crystalline silicate samples, an upper 

bound on the fraction of crystalline silicate in the ISM of  2.2% by mass was derived,16,17 consistent 

with other more recent measurements.18 Although such studies clearly point to a strong lack of 

crystalline dust grains in the diffuse ISM, we explore the possibility that observational IR spectra 

from putative amorphous grain populations could have contributions from a population of quasi-

crystalline nanosized silicate grains. 

In this work, we developed atomistic models of nanoparticles (NPs) with diameters varying between 

~1.2 and ~4.6 nm and with a pure Mg2SiO4 olivinic composition. It has been estimated that such 

small NP grains could form up to 10% of the mass of the silicates in the ISM without violating 

observational constraints and, if so, could form the largest population of ISM silicate dust grains by 

number.19 Indirect support for the existence of such a population of nanosilicate grains also comes 

from their potential role in explaining the anomalous microwave emission (AME) in the ISM.20–22 

We employ both quantum (QM) and classical (CM) mechanics calculations to model our nanograins 

with varying degrees of crystallinity and provide a detailed analysis of their structure and relative 

energetic stabilities. Our main focus is on how the crystallinity of such nanograins is reflected in their 

IR spectra. In order to assess this, we derive reliable IR spectra directly from accurately modelling 

the vibrational modes in our atomistically detailed silicate NP structures. Through this approach, we 

explicitly show that, unlike for larger grains, IR spectra do not provide a clear measure of crystallinity 

for nanograins. The possible implications of our results for estimating the crystallinity of astronomical 

silicate dust are discussed.  

2. COMPUTATIONAL DETAILS 

For all QM calculations, we used the CRYSTAL package,23 while for CM calculations we used the 

GULP24 and  LAMMPS25 codes. 

2.1. Relative energies  

For all calculations, the relative energies per Mg2SiO4 formula-unit with respect to bulk crystalline 

forsterite of our Ol NPs, ∆𝐸∗, have been computed according to Eq. 1 

 ∆𝐸∗ =
1

𝑁
𝐸𝑁𝑃 −

1

4
𝐸𝑏𝑢𝑙𝑘  1 

where 𝐸𝑁𝑃 is the energy of an Ol NP with 𝑁 formula-units, and 𝐸𝑏𝑢𝑙𝑘  is the energy corresponding to 

a unit cell of crystalline forsterite containing 4 Mg2SiO4 units. 



4 
 

2.2. QM calculations 

For the QM modelling, we used the CRYSTAL package, which can perform ab initio density 

functional theory (DFT) and Hartree-Fock calculations of periodic (e.g., crystals, surfaces, polymers) 

as well as non-periodic (e.g., molecules, NPs) systems. The wavefunction is expressed as a linear 

superposition of crystalline/molecular orbitals which in turn are expanded as linear superpositions of 

Gaussian-type functions centred on all atoms and constituting the basis set. All calculations were 

performed within the DFT framework, using the Perdew-Burke-Ernzerhof (PBE) functional,26 and a 

specific basis set consisting of the following contraction: (8s)-(61sp), (6s)-(6211sp)-(1d) and (6s)-

(31sp)-(1d) for the Mg, Si and O atoms, respectively. In the following, we will refer at this basis set 

as “OlBS”. A detailed description of the OlBS is provided in the Supporting Information (SI) file 

available online. 

Default thresholds parameters were adopted for all energy calculations, geometry optimizations and 

IR frequency and intensity calculations. To evaluate the electron density, we used a pruned (75, 974) 

grid, consisting of 75 radial points and a maximum number of 974 angular points. At these points, 

Coulomb and exchange integrals were computed. All other technical details regarding these DFT 

calculations are reported in the SI.  

2.3. CM calculations 

We used the CM-based GULP code to perform the preliminary optimizations of bulk cut NPs, to 

amorphize the PBE-optimized NPs through molecular dynamic (MD) simulations, and to simulate IR 

spectra for all NPs. Specifically, for some preliminary optimizations, we used the general Reax force-

field (FF),27 while for all other GULP calculations we used the FF used by Walker et al.,28 which is 

based on previously reported FFs developed by Price et al.29 and Catlow et al.30 All the parameters 

controlling the numerical accuracy of the GULP calculations were kept constant to default values. 

For geometric optimizations, we used either the standard Broyden-Fletcher-Goldfarb-Shanno (BFGS) 

algorithm or, when necessary, the Rational Function Optimization (RFO) algorithm.31,32 IR intensities 

were computed from the Born effective charge tensor.33 All MD simulations used in the 

amorphization of bulk cut NPs were performed at either 1800 or 2400 K within the canonical 

ensemble (NVT) using a 1 fs timestep and with initial velocities randomly generated at 800 K. 

For preparing the nucleated NPs, we used MD-based simulations using the CM-based LAMMPS 

code (see Subection 3.1.3 below). Here we progressively built NPs by addition of monomeric species 

(SiO, O and Mg) following the heteromolecular homogeneous nucleation route proposed by Goumans 

& Bromley.34 Each monomeric addition step was performed within the microcanonical ensemble 
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(NVE) with a timestep of 0.5 fs and using the Berendsen thermostat to maintain the  temperature 

between 1000-800 K, typical for dust nucleation CS environments.  

We checked the reliability of the PBE/OlBs and Walker FF methodologies by comparing the 

simulated structural (lattice parameters) and spectroscopic IR features of crystalline forsterite with 

those from experimental measures. Figure 1 shows the comparison of IR spectra (the experimental 

spectrum from a sample of amorphous Mg2SiO4 olivine material is also included) while Table S2 of 

the SI file shows the structural details in terms of the forsterite cell parameters. Experimental spectra 

are taken from a recent work and reproduced with the authors’ permission.35 Structural data are in 

excellent agreement with the experimental ones (errors are within ⁓1%, Table S2) for both CM and 

QM based methodologies. The simulated spectra are generally in good agreement with the 

experimental IR spectrum for forsterite. In particular, both the QM-based (PBE/OlBS) and the CM-

based (Walker FF) show two distinct Si-O stretching peaks between 10-12 µm with similar relative 

intensities as in the experimental spectrum. Also, both simulated spectra exhibit a characteristic 

feature at ~22-23 µm. The PBE/OlBS spectrum also shows peaks between 16 and 19 µm in agreement 

with the experimental spectrum. These peaks are not so evident in the Walker FF spectrum, indicating 

that this CM-based method may find it more difficult to reproduce O-Si-O bending modes. For the 

purpose of the present work, we are predominantly interested in the relative amount of discernible 

detail in the IR spectra for our different sets of Ol NPs. As such, the two methods we employed are 

clearly able to provide well-defined IR spectra with narrow characteristic peaks of crystalline 

material, and this is sufficient for our purposes.      
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Figure 1 Experimental spectra (from Ref. 35) for crystalline forsterite (in black) and amorphous 

Mg2SiO4 olivine (in red) compared with calculated IR spectra using CRYSTAL at PBE/OlBS level 

(in blue) and GULP with the Walker FF (green). Intensity is in arbitrary units and spectra are 

vertically shifted for ease of comparison. 

 

3. RESULTS AND DISCUSSION 

In this Section, we explain the procedures we followed to generate our different NP models 

(Subsection 3.1), then we present and analyse the results from an energetic and structural point of 

view (Subsection 3.2) and, finally, we show and discuss the simulated IR spectra of the NPs 

(Subsection 3.3). Figure 2 schematically summarises the methods we followed to produce our 

atomistic NP models, the calculations performed within this work, and the methods used to define 

the initial geometries of our Ol NPs. Figure 3, 4, 5, and 6 show the initial and PBE/OlBS-optimized 

structures of some selected NPs. 
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Figure 2 A: graphical representation of the procedures followed to obtain our three types of Ol NPs. 

i) bulk cut – BC – NPs (top-down methodology, followed by structural relaxation using the GULP 
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code at Reax FF level), ii) amorphized – A – NPs (MD-based amorphization at high temperatures 

using the GULP code with the Walker FF), and iii) nucleated – N – NPs (from gas-phase monomeric 

addition). Atom colour code: Si - yellow, O - red, Mg - black. B: schematic representation of the 

methods employed in the work. In rounded rectangles we outline the methods we used to define the 

initial geometries of our NPs (Figure 2 A). Square rectangles represent FF calculations (GULP) while 

ellipses represent PBE/OlBS calculations (CRYSTAL). The scheme on the right-hand side of the 

straight dot-dashed line refers only to the 418 formula-units NP, for which slight modifications of the 

NP-generation procedure were necessary (see Sections 3.1.1 and 3.1.2) and for which all properties 

were calculated exclusively with FFs. 

3.1. Generation of NPs 

To simulate Ol NPs, we developed three different sets of NP models, namely bulk cut (BC) or 

crystalline, amorphized (A) and nucleated (N) NPs. Hereafter we label our NPs as “Ny Z” where N 

represents the number of formula-units, Z = BC, A or N (i.e., it indicates the set which the NP belongs 

to) and y can be any additional information necessary to identify the NP in question. 

3.1.1. Bulk cut (BC) crystalline NPs 

Bulk cut NPs have been generated following the top-down methodology, starting from the Wulff 

construction (i.e. following the shape of a macroscopic, perfect crystal, Figure 2, panel A, top-right 

corner) of forsterite. We note that this method has already been successfully used to model NPs of 

binary oxide systems such as titania and ceria.36,37  

The main steps we followed in this top-down approach were: 

− using CRYSTAL, we firstly optimized the crystallographic structure of the forsterite unit cell 

using DFT calculations at a PBE/OlBS level of theory (top-left corner of panel A of Figure 

2);38 

− using the VESTA software,39 we replicated the unit cell several times and then cut along the 

crystallographic directions representing the most energetically stable surfaces of forsterite 

crystals,40 as derived from previous DFT calculations.41 During this phase, the initial choice 

of the unit cell origin can play a fundamental role in the final shape and stability of the 

resulting NP, thus we also studied bulk cuts after translating the forsterite unit cell. NPs 

generated after this translation have been labelled with “trasl”. For more details, see the SI.   

The NPs generated after this top-down method represent our initial set (Figure 3). After some a 

posteriori structural modification, and pre-optimization using Reax FF, we finally fully optimized the 

NPs at a PBE/OlBS level of theory (see resulting structures in Figure 4). All the details concerning 

the top-down procedure, the a posteriori NP modifications and the Reax FF optimisations are reported 

in the SI. For the largest BC NP studied in this work (418 formula-units), as the PBE/OlBS 
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optimization was very computationally-demanding, we only employed CM-based calculations. All 

reported energetic and structural results concerning this NP refer to the calculations using the Walker 

FF (right-hand side of Figure 2 B). For the details, please see the SI.  

3.1.2. Amorphized (A) NPs 

Using the GULP code, BC PBE/OlBS-optimized NPs were heated using classical MD simulations at 

1800 K with the aim of amorphizing their structures. For one NP only (30a BC), we also tested a 

higher temperature of 2400 K, to check for temperature effects on the final structure and morphology 

of the NP (see Sections 3.2 and 3.3 for details). For most NPs, after a 10 ps equilibration, we ran MD 

simulations for 20 ps of production time. For the largest 418 formula-units NP, a significantly longer 

200 ps production time was found to be necessary to amorphize the NP. Further details about these 

MD runs are available in the SI. These amorphized particles were then optimised at PBE/OlBS level 

of theory using CRYSTAL (see Figure 2, panel B). The final optimized NP structures are shown in 

Figure 5. 

3.1.3. Nucleated (N) NPs 

Since the A NPs were generated by thermal annealing of BC NPs, it is possible that they can still 

retain geometric similarities with the original crystalline structures. As silicates in the ISM may form 

by condensation from the gas-phase under non-equilibrium conditions, amorphous silicate grains, 

however, can be completely unrelated to bulk crystal structures. Therefore, we also constructed NPs 

using a bottom-up procedure through monomeric addition ensuring no relationship with the forsterite 

crystal structure and then ran MD at 1800 K simulations using the LAMMPS code. These N NPs 

were then finally optimised at PBE/OlBS level of theory using CRYSTAL (see resulting NP 

structures in Figure 6).  

It is worth noting that, as a consequence of the way they are generated, these N NPs often appear to 

display as a solid solution of MgO, pyroxenes (-Si-O- chains) and pure olivine, although their 

stoichiometries are the same as that of pure forsterite. This differentiation of phases is particularly 

evident for the smaller NPs (see, for example, the 30 N NP of Figure 6) where the structures are quite 

distinct to that of forsterite (the forsterite unit cell structure is reported in top top-left corner of Figure 

2, panel A). 
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Figure 3 Selected structures of the set of initial unrelaxed Ol NPs (see Subsection 3.1.1), i.e. with 

structures frozen to those of the original forsterite crystal. Colour code: same as Figure 2. Note that 

the relative NP sizes are not to scale. See Figure S1 of the SI for the full set of initially NP structures. 
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Figure 4 Selected structures of the set of optimised PBE/OlBS bulk cut (BC) NPs particles 

(Subsection 3.1.1), i.e. NPs resulting from energy-lowering relaxation of the NP structures in Figure 

3. Colour code: same as Figure 2. Note that the relative NP sizes are not to scale. See Figure S2 of 

the SI for the full set of BC NPs. 
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Figure 5 Selected structures of the set of amorphized (A) NPs, after PBE/OlBS optimization 

(Subsection 3.1.2). Colour code: same as Figure 2. Note that the relative NP sizes are not to scale. 

See Figure S3 of the SI for the full set of A NPs. 
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Figure 6 Selected structures of the set of nucleated (N) NPs, after PBE/OlBS optimization 

(Subsection 3.1.3). Colour code: same as Figure 2. Note that the relative NP sizes are not to scale. 

See Figure S4 of the SI for the full set of N NPs. 

 

3.2. Energetic and structural features 

3.2.1. Energetics and stability 

The relative energetic stability of our PBE/OlBS-optimized NPs per Mg2SiO4 formula-unit with 

respect to the forsterite bulk (∆𝐸∗) has been computed according to Eq. 1. ∆𝐸∗ values (in kJ mol–1) 

for all NPs are reported in Table 1, together with other structural properties. We have grouped the 

data with respect to the number of formula-units 𝑁 in order to facilitate a comparison between NP 

models of the same size. The NPs containing 30 formula-units are used as a test case to show the 

effect of different methods to generate the crystal cuts as well as different annealing temperatures. 

30a BC and 30b BC NPs correspond to two different crystalline cuts for the 30 formula-units non-

translated NP (Figure 3 and Figure 4). The 30a A at 1800 K and 30a A at 2400 K NPs have been 

amorphized using two MD runs at 1800 and 2400 K, respectively (Figure 5).  
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The overall energetic stability is clearly affected by the different processes involved in the generation 

of a given NP which highlights the importance of carefully generating such NPs in order to estimate 

the amorphous vs crystalline stability cross-over size regime. For example, the difference in energy 

per formula-unit between the 30a BC and 30trasl BC NPs is 23.6 kJ mol–1 (Table 1). This energy 

difference is close to that between forsterite and the energetically metastable wadsleyite Mg2SiO4 

crystal polymorph (~32 kJ mol–1).42 This result highlights the importance of generating top-down BC 

NPs from unit cells with different translated origins. Generally, this can also be seen from the fact 

that the lowest lying BC NP structure (highlighted in bold in Table 1) is neither consistently in the 

translated (“trasl”) nor in the non-translated series. Conversely, different amorphization temperatures 

(1800 vs 2400 K) do not appear to significantly affect the final results, at least from an energetic 

stability (∆𝐸∗) point of view.  

Table 1 Summary of energetic and structural data for all PBE/OlBS-optimized olivinic NPs. 𝑛 is 

number of atoms, 𝑁 the number of Mg2SiO4 formula units. Relative energies with respect to forsterite 

bulk (∆𝐸∗, Eq. 1) are in kJ mol–1 per formula-unit. <Mg CN> values correspond to the overall average 

coordination numbers of Mg ions. Root-mean-square-displacements of the silicon atoms (RMSD-Si) 

are given in Å. ∆𝐸∗ values for the most stable bulk cut and amorphized NP for each 𝑁 are highlighted 

in bold. 

NP model 𝒏 𝑵 𝑵−𝟏/𝟑 ∆𝑬∗ <Mg CN> RMSD-Si 

14 BC 98 14 0.415 420.1 4.25 1.12 

14 A    382.0 4.14 3.95 

14 N     474.2 4.04 - 

30a BC 210 30 0.322 357.9 4.35 0.95 

30b BC    346.4 4.48 1.05 

30trasl BC    334.3 4.55 0.90 

30a A at 1800 K    331.1 4.37 3.24 

30a A at 2400 K    340.5 4.30 6.44 

30trasl A    327.0 4.50 3.40 

30 N    417.5 4.18 - 

50 BC 350 50 0.271 298.7 4.64 0.78 

50trasl BC    311.5 4.61 0.98 

50 A    282.0 4.56 2.86 

50trasl A     280.2 4.64 2.04 

50 N    350.7 4.31 - 

60 BC 420 60 0.255 304.3 4.53 1.09 

60trasl BC    301.0 4.55 0.85 

60 A     281.6 4.56 3.32 

60trasl A     273.6 4.54 1.70 
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60 N    350.1 4.43 - 

80 BC 560 80 0.232 287.0 4.71 1.04 

80trasl BC    294.2 4.68 0.73 

80 A     272.4 4.61 3.72 

80trasl A     255.4 4.65 2.26 

80 N    323.4 4.38 - 

92 BC 644 92 0.222 263.3 4.72 0.67 

92trasl BC    281.5 4.71 0.77 

92 A     264.9 4.58 3.45 

92trasl A     246.8 4.65 2.15 

92 N    329.3 4.39 - 

104 BC 728 104 0.213 267.4 4.78 0.55 

104trasl BC    259.9 4.72 0.64 

104 A     262.7 4.53 2.94 

104trasl A     249.0 4.67 2.18 

104 N    318.5 4.45 - 

116 BC 812 116 0.205 255.9 4.84 0.83 

116trasl BC    272.2 4.71 0.94 

116 A     250.6 4.63 3.04 

116trasl A     235.5 4.69 2.15 

116 N    308.3 4.49 - 

418 BC* 2926 418 0.13 82.9 5.04 0.97 

418 A*    86.0 4.74 9.21 

*: data from Walker FF-optimizations only (see Figure 2, panel B, right-hand side). 

 

Figure 7 provides the ∆𝐸∗ values as a function of 𝑁−1/3, following the spherical cluster 

approximation (SCA) that relates the energy of a NP with the ratio between its surface and bulk 

atoms.43 We note that the SCA is only a first order geometric approximation that does not take into 

account the atom/electronic degrees of freedom (e.g., surface stress) in realistic NPs, which roughly 

correspond to higher order terms.36 We find that the lowest energy structures of each family of 

crystalline, amorphous and nucleated NPs follow well a simple fitted 𝑁−1/3 dependence, with R2 

values of 0.982, 0.986 and 0.979, respectively. Hence, even if some of the NP structures do not 

correspond to the lowest energy minima for that family of NPs, these simple fits can provide a 

tentative estimate of the size dependent energetic trends for each of the NP families.  
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Figure 7 Relative energies with respect to forsterite bulk per formula-unit (∆𝐸∗) for the most stable 

NPs we found for each size, as a function of the number of formula-units (𝑁): the linear correlation 

fitting parameters and R2 values are also reported close to each respective line.  

We first note that the A NPs are the most energetically stable NPs for all considered sizes. Although 

A NPs are always more stable that N and BC NPs, we note that the largest A NPs of 104 and 116 

formula-units are higher in energy per unit than the smaller 92 unit A NP. This result clearly indicates 

that the 104 and 116 A NP models are not the most stable amorphous NPs for their size. As found in 

other NPs systems,36 the BC NP structures are more energetically unstable relative to the A NPs for 

the smallest sizes, but converge faster to the bulk limit (i.e., the fitting line for BC NPs has a steeper 

slope than that for A NPs), as expected by the fact that crystalline forsterite is the most stable bulk 

phase of the Mg-rich olivine family. This implies that any process which generates small crystalline 

NPs will be generating metastable particles which will, upon annealing, evolve towards amorphous 

structures. Although the exact energy evolution for each family is not precise due to the use of the 

SCA and the fact that not all NPs are the lowest energy for their type and size, we can extrapolate the 

fitted lines to roughly estimate the energetic cross-over point between amorphous and crystalline NPs. 

Following a previous study,44 we convert the number of formula-units to the radius of a NP assuming 

a spherical shape and a volume per Mg2SiO4 unit extracted from bulk forsterite. With the current 

available data, the cross-over between A and BC NPs appears to occur at a diameter of ~12 nm, which 

is quite far away from the NP sizes explored within this work. Finally, the N NPs appear to be the 

most energetically unfavourable species, typically being ~50 kJ mol–1 less stable than the BC NPs. It 

is reasonable to suggest that the large metastability of N NPs arises from their “glass-like” silicate 
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disorder and the sub-optimal mixing of MgO units into their structure. There is still an ongoing debate 

on the formation mechanisms of silicate dust in the envelopes of asymptotic giant branch (AGB) 

stars. Observational evidence seems to show the preferential formation of amorphous material with 

respect to crystalline NPs,45 while thermodynamics based on extended systems always assume the 

formation of the most stable bulk phase, which is crystalline Ol.46 The results in this work highlight 

the necessity to consider the formation of amorphous Ol NPs as a possible route for the condensation 

of silicate species in CS, probably aiding to bridge the discrepancy between purely thermodynamic 

arguments and observational evidence. It must also be considered that, although on thermodynamics 

grounds, the smallest silicate grains should be amorphous, the actual structure of dust particles of 

such dimension in CSs and the ISM will not depend only on the energetics, but also on several 

processes like accretion from nucleation centres, temperature-related kinetics effects, high- and low-

energy collisional events involving cosmic rays and/or other dust particles.1,2,6,47,48 

3.2.2. Structural descriptors and characterization 

The energetic analysis performed in Subsection 3.2.1 suggests the existence of at least three 

energetically-distinguishable phases of small Ol NPs: amorphous material with mainly isolated 

[SiO4]4– tetrahedra, crystalline forsterite, and glass-like NPs with some segregated pockets of MgO 

and more polymerised [SiO4]2– units. From an energetic point of view, these three phases are 

represented by our three sets of A, BC and N NPs, respectively. Experimental characterization of 

these phases at such a small scale would be extremely challenging. Theoretically, however, with 

direct access to the detailed atomistic structure, we can begin to quantitatively analyse the structural 

differences among these three NP families.  

Silicates are structurally complex inorganic materials due to the presence of both ionic (Mg-O) and 

semi-covalent (Si-O) bonds, with the former being weaker than the latter. The difference in bond 

energy causes Mg cations to be more mobile, while the SiO4 anionic units are more rigid but can 

create complex polymerized networks with little energetic cost. In order to structurally characterize 

our NPs, we first take the crystalline forsterite phase as a crystalline benchmark which we describe 

in terms of tetrahedral units of SiO4 that are regularly interspaced by octahedrally coordinated Mg 

cations. Secondly, we assume that the degree of crystallinity of NPs can be described by two structural 

measures which we take to be optimal in the Ol bulk crystal: i) short-range structural order, which is 

related to the orientation and distortion of SiO4 tetrahedra and MgO6 octahedra, at their fixed lattice 

sites, and ii) long range periodic order, which is related to the repeated presence of the SiO4 and MgO6 

units along the crystal lattice vectors.38,40 In this work, we use the average Mg-coordination number 

(<Mg CN>) and the structural of distortion SiO4 tetrahedra to describe short range order and the root-
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mean-square-displacement of silicon atoms (RMSD-Si) to describe long range order. The use of <Mg 

CN> as a short-range order descriptor is justified by the fact that reorientation of silicate tetrahedra 

and displacement of Mg cations from their equilibrium geometries will cause changes in the Mg-O 

distances and hence to the coordination numbers. It is reasonable to assume that amorphization using 

mild temperatures will involve small changes in the orientation and/or distortion of the different units, 

especially for the lower coordinated (i.e. least well bound) atoms at the surface. Surface relaxation of 

an NP can thus be seen as a local amorphization taking place at the outermost layers of the NP which 

should be reflected in the <Mg CN> values and the spatial distribution of SiO4 structural distortion. 

On the other hand, a higher temperature amorphization should cause a strong displacement of the 

different SiO4 units, with the possibility of inducing polymerization of the silicate skeleton. The 

displacement of the SiO4 units can be analysed through the RMSD-Si. Although the RMSD-Si is a 

natural way in which to compute the displacement in the MD amorphized NPs with respect to the 

corresponding parent BC NP, the comparison with the nucleated NPs is not straightforward, as the 

atomic assignment cannot be unequivocally matched to an original crystalline structure. We therefore 

only provide RMSD-Si values for the A NPs in order to compare MD amorphized NP structures with 

the BC NPs.  

In Figure 8, we show illustrative examples of crystalline (left), locally-amorphized (centre) and 

globally-amorphized (right) Ol structures. In the left panel, the perfect periodic structure of crystalline 

forsterite can be easily recognized, with the oxygen atoms of the isolated silicate tetrahedra 

coordinating to the Mg cations. In the centre panel, a mild amorphization has partially altered the 

original crystalline structure, but some crystalline features are evidently retained, while in the right 

panel, a higher temperature amorphization results in a structure lacking any clear remnants of 

crystallinity. Although the structures in the right and centre panels of Figure 8 both represent 

amorphous Ol, both RMSD-Si and <Mg CN> structural descriptors can help us to analyse whether 

they have some intrinsic structural features that allow one to distinguish them in our NPs.  
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Figure 8 Left: periodic structure of perfectly crystalline forsterite. Centre: structure for a non-

crystalline olivinic material, preserving a partial long-range order (Si and Mg atoms are disposes in 

“column and rows”, but silicate tetrahedral are partially distorted and rotated). Right: structure for a 

non-crystalline bulk material with a forsterite stoichiometry with no local and periodic order (highly 

distorted and partially polymerised SiO4 tetrahedra, with some formation of MgO units). Colour code: 

same as Figure 2. 

In the left panel of Figure 9 we graphically report the RMSD-Si data for all the PBE/OlBS-optimized 

NPs (data for the 418 formula-units NPs are omitted for a clearer representation. See Table 1 for the 

values). The RMDS-Si values for BC particles are low even for the smallest considered NP sizes. For 

A NPs, the RMSD-Si values are several times larger and spread over a wider range. These data show 

that BC NPs preserve a high degree of periodic crystalline order, while the relatively lower 

crystallinity of the A NPs is clear.  

 

Figure 9 Left panel: Root-mean-square-displacements of the silicon atoms (RMSD-Si) in Å with 

respect to the initial cuts of Figure 3 as a function of the size of the particles, 𝑁 (data for the 418 

formula-units NPs are not shown. See Table 1 for the numerical values). Right panel: Average Mg 

coordination numbers, <Mg CN>, as a function of the size of the particles (𝑁). See Table 1 for the 

numerical values. The numerical values correspond to the largest 418 formula-units NPs. Lines are 

added as a guide to the eye. 
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Finally, we note that the RMSD-Si value for the 30a A NP after a 2400 K MD run is almost double 

that of the corresponding NP after a 1800 K MD run (3.24 Å versus 6.44 Å, Table 1), with the latter 

value being the highest among all PBE/OlBS optimized particles. This indicates that the use of higher 

temperatures could produce an even more amorphized NPs. However, as we will show in next 

Section, this large difference in the RMSD-Si value does not produce significant differences in the 

simulated IR spectra.  

In the right panel of Figure 9, we graphically show the <Mg CN> values as a function of the number 

of formula-units 𝑁 for our three sets of NPs, plotting the average when we have more than one NP 

for a given 𝑁. In this figure, the <Mg CN> values of the initial NPs (Figure 3) are also incorporated 

in order to compare the values with respect to the perfect crystalline structure for every NP size (see 

Table 1 for values). From Figure 9, it can be seen that the initial unrelaxed cut NPs have the largest 

<Mg CN> values of all considered NPs, corresponding to the fact that, by construction, they are 

structurally most like the bulk crystal. However, even for this family of NPs, the largest initial cut NP 

has a <Mg CN> value of 5.28 which is still significantly different from the bulk crystal limiting value 

of 6 due to the lower coordination of Mg cations near the NP surface. From the other three families 

of NPs, as expected, BC NPs have <Mg CN> values which are the closest to those of the initial cut 

NPs. Here the largest BC has a lower <Mg CN> value of 5.04 indicating that initial cut NPs 

preferentially relax to lower energy structures with slightly lower crystallinities. The lowering of <Mg 

CN> values going from the perfect initial cut NPs to relaxed BC NP structures points to the fact that 

even the most crystalline material at the nanoscale cannot be described as completely crystalline. 

Visual inspection of the NPs suggests that the BC NPs should be considered as being core-shell 

structures (i.e., with highly crystalline cores and slightly disordered near surface shells). For the 

largest A NP, the <Mg CN> value is equal to 4.74, while for a hypothetical 418 N NPs it can be 

predicted from the trends of the existing data to be even smaller (~4.60). These lower <Mg CN> 

values correspond to a higher degree of local structural disorder and thus even lower crystallinities. 

These data strengthen our above analysis concerning the structural (and energetic) distinguishability 

of BC, A and N NPs.  

The <Mg CN> and RMSD-Si values are averages over the whole structure of a NP and thus do not 

spatially differentiate regions of more or less local structural change within a NP.  Changes in both 

O-Si-O angle and Si-O bond distances are typical ways in which local structural relaxation can take 

place. Although separated in IR spectra, relaxations of these structural features combine to distort the 

[SiO4]4– tetrahedra in NPs. From our discussion above, we should expect that the in a relaxed BC NP 

the relaxation of [SiO4]4– tetrahedral should be mainly close to the surface, whereas for an amorphous 
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NP we should expect all [SiO4]4– tetrahedral to be fairly equally distorted. In Figure 10, we show two 

cuts through the relaxed 116 BC NP (left) and a cut through the 116 A NP (right) showing only the 

Si atoms and where the degree of local [SiO4]4– tetrahedral disorder (i.e. of the surrounding four 

oxygen atoms which are not shown) is related to the colour of the Si atom in question. We take the 

tetrahedral arrangement of oxygen atoms around the Si atoms in forsterite as our benchmark for the 

highest tetrahedrality. We measure the degree of distortion of each [SiO4]4– centres by taking the 

RMSD of the atom positions with those of rotationally aligned [SiO4]4– centre from the forsterite 

crystal. In Figure 10, we give the lightest colour to Si atoms with associated [SiO4]4– centres having 

structures very close to those in forsterite and progressively darker shading to more distorted 

tetrahedrons. For the amorphized 116 formula-unit NP (right, Figure 10) the darker shading of all Si 

atoms shows that all [SiO4]4– centres have significantly distorted structures. However, for the BC 

(left, Figure 10) it is clear that significant tetrahedral distortion only occurs at the surface of the NP 

(i.e. due to surface relaxation).  

 

Figure 10 Cuts through 116 NPs showing only Si atoms with the degree of local tetrahedral distortion 

of the associated [SiO4]4– centers indicated by shading (lighter: less distortion; darker: more 

distortion). Left: two perpendicular cuts through the 116 BC NP. Right: a single cut through the 116 

A NP. 

In summary, from our average measures (i.e. <Mg CN> and RMSD-Si values) we find that BC NPs 

preserve a higher degree of periodic crystallinity than A NPs, while BC, A and N NPs all show some 

degree of local structural distortion which increases with the level of amorphization. We note that our 

BC NP structures correspond to the most crystalline possible morphologies for their size (i.e. relaxed 

crystal cuts), even though our structural measures show that they do not possess the full structural 

order of the perfect, infinite crystal. In principle, average local structural measures such as our <Mg 

CN> values could be measured and/or observed from X-ray absorption spectra. Interestingly, 

preliminary estimates of the proportion of crystalline dust in the ISM based on such X-ray 

observations have placed tentative upper limits which are significantly in excess of those derived 
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from IR observations.49 From our spatially resolved maps of tetrahedral distortion of individual 

[SiO4]4– centres, we can further confirm that, although amorphized NPs are distorted fairly 

homogeneously throughout their structure, the main contribution to local structural disorder in BC 

NPs is through surface relaxation. 

3.3. Full IR spectra 

3.3.1. Simulated full IR spectra 

Besides structural identification, it is important to establish whether our Ol NPs can be characterized 

by IR spectroscopy, as this corresponds to the main astronomical observable for silicate dust grains. 

Consequently, we employed frequency calculations to obtain the full IR spectra of all optimized NPs. 

All IR spectra, calculated using GULP for the larger NPs, and CRYSTAL for the smaller NPs, as 

well as the comparisons between the two, are reported in the SI. 

The PBE/OlBs full IR harmonic spectra with CRYSTAL were simulated only for a few NPs, i.e., all 

the 14 and 30 formula-units NPs and the 50 BC NP. For all NPs, we also simulated the full IR spectra 

with the GULP code at the Walker FF level (Figure 2, panel B). In all cases the line shapes of the IR 

spectral peaks were obtained from sums of Gaussian functions centred at the computed IR frequencies 

with heights adjusted to the corresponding absolute IR intensities. The full width at half maximum 

(FWHM) for the Gaussian functions was set equal to 10 cm–1. This choice is justified below (see 

Subsection 3.3.2). In Figure 11, A-E panels, we report the full IR spectra for some selected particles 

in the 8-26 μm (1250-385 cm–1) region. See Figure 4, Figure 5 and Figure 6 for the corresponding 

structures. The full set of IR frequencies and intensities for all NPs computed with either CRYSTAL 

or GULP are available online in a separate file for each NP. The reliability of the IR spectra from 

both CRYSTAL and GULP calculations is confirmed through a comparison with experimental data 

for both amorphous and crystalline Ol (Figure 1). 
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Figure 11 A-E: Simulated IR spectra for some selected NPs: A: some selected 30 formula unit NPs 

calculated with DFT (spectra for A and N NPs have been vertically transposed by 150 and 300 km 

mol–1, respectively, for the sake of clarity). B: the 50 BC NP IR spectrum calculated with DFT. 
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Contributions from subsets of atoms are also reported (see Subsection 3.3.1). C: the 50 BC NP IR 

spectrum as calculated using DFT and using the Walker FF. D: all 104 NPs IR spectra calculated with 

the Walker FF. E: 418 units BC and 418 units A NPs IR spectra calculated using the Walker FF. The 

spectra for experimentally-synthetized crystalline forsterite and amorphous olivine are also reported 

for comparison.35 These experimental spectra have been reproduced with the authors’ permission. 

Figure 11 A reports the IR spectra of a wide selection of 30 formula unit NPs including examples of 

BC (both translated and non-translated), A (amorphized at 1800 K and 2400 K) and N families. At 

such a small NP size, and using 10 cm–1 as FWHM, clearly we do not have only two distinct peaks 

typical of amorphous silicates.1,2,50,51 Indeed, many individual small narrow peaks extending over a 

wide range of wavelengths can be easily distinguished. However, even though the individual peaks 

of the spectra for each NPs differ in their position, the overall profile of all spectra is quite similar. In 

particular, the IR spectral profiles of these NPs are broadly characterized by two distinct regions, 

namely the Si-O stretching between 8 to 12 μm and the O-Si-O bending between 13 to 18 μm. Silicate 

NPs at these sizes tend to show sharp spectral features due to the limited number of atoms, 

irrespectively of the amorphous/crystalline nature of the specific NP in question. Calculated IR 

spectra of even smaller olivine and pyroxene silicate nanoclusters have been also reported showing a 

similar behaviour.52 The comparison of all the spectra in Figure 11 A suggests that small crystalline 

and amorphous silicate NPs with an olivinic Mg2Si2O4 composition are indistinguishable by IR 

spectroscopy irrespective of their origin. Generally, the large number of distinct peaks can be 

attributed to the effect of the high surface to core ratio of these NPs and the subsequent effect that 

surface relaxation exerts on the core of the NP. This is well underlined by Figure 11 B which shows 

the contribution to the IR spectrum of the 50 BC NP with respect to different chemical species (i.e., 

“surface shell” and “core” silicates and Mg cations). In the surface shell, SiO4 units contribute to the 

whole spectrum, while Mg ions in this region involve modes from λ > 17 μm (~590 cm–1). The 

contributions from bulk SiO4 units are also present throughout the 8-20 μm (~1250-500 cm–1) range, 

but to a minor extent. 

As IR calculations using DFT are extremely expensive for NPs larger than 50 formula-units, the IR 

spectra of larger NPs were analyzed by means of FF calculations. The IR spectra of these NPs were 

calculated using the Walker FF, which provides a reasonable account of the IR peak positions of 

silicate NPs (see also SI, Figures S8-S17). Figure 11 C shows a comparison between the IR spectrum 

of the 50 BC NP as calculated using the Walker FF and DFT at a PBE/OlBS level. The IR spectrum 

from a CM-based FF calculation can only provide an approximation to the more accurate QM-based 

DFT-calculated spectrum, however, the overall FF description of the IR spectrum appears to still be 

fairly well captured. In particular, the spectrum of the 50 formula-units NP in both cases is comprised 
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of a wide range of features with two main regions: the Si-O stretching region around 10 μm and the 

O-Si-O bending region. While the FF calculation reproduces the 10 μm features very well, intensity 

at the O-Si-O region (i.e. ~13-16 μm) are less well captured and which seems to be shifted towards 

longer wavelengths with respect to the DFT-calculated IR spectrum. This behaviour mirrors what 

shown in the comparison of the Walker FF calculated spectrum of forsterite with corresponding DFT-

calculated spectrum and that from experiment (see Figure 1), and is thus perhaps a systematic feature 

of IR spectra calculated using the Walker FF. Nevertheless, the qualitative broad and double peaked 

IR spectrum is well reproduced in both calculations, which in both cases clearly do not provide 

evidence for a highly crystalline NP.  

Figure 11 D shows the full IR spectra for all the 104 formula unit NPs calculated using the Walker 

FF as illustrative examples. As for the 50 BC NP in Figure 11 B, the characteristic broad double 

peaked silicate profile is reproduced for all BC, A and N NPs. In particular, the spectra from the two 

BC and the two A NPs are almost identical, with very similar absolute intensities for the two main 

peaks. As the sizes are increased, the O-Si-O bending region appears to be less sharp and more 

featureless and becomes more similar to the typical features observed in the spectra of astrosilicates. 

This similarity is even more clear for the spectra of the largest 418 formula-units NPs, depicted in 

Figure 11 E, shown together with two experimental IR spectra for crystalline forsterite and 

amorphous olivine.35 At this size, which corresponds to a NP diameter of ~4.6 nm, the BC NP IR 

spectrum is still dominated by the two broad silicate peaks and thus, like the A NP, spectroscopically 

non-crystalline. As previously discussed, the effects of surface relaxation are, up to at least a size of 

~4 nm, clearly large enough to prevent the appearance of crystalline features in the IR spectra.  

The N NPs show slight changes from the BC and A particles. The first noticeable change corresponds 

to the decreases of the intensities of both peaks. In addition, the O-Si-O peak is arguably shifted 

towards lower values. This effect is found in the spectra of all the N NPs (see Figures S18-S26 of the 

SI file) and is probably the result of the formation of silicate polymerization and MgO segregation. 

The displacement of the O-Si-O band has previously been linked to the progressive change of silicate 

structure along the mineral series olivine-pyroxene-silica 9,10,53  

The broadened IR peaks exhibited by our NPs is a direct consequence of the (partial) loss of local 

and periodic crystalline order. For BC NPs which maintain much of their periodic crystalline order 

with respect to amorphous NPs (see Figure 9, left) the local structural disorder mainly occurs at the 

surface (i.e. surface relaxation) as shown Figure 10. For BC NPs the proportion of surface to core 

atoms could be a useful indicator of the extent of surface relaxation. We may assume, for example, 

that a necessary condition for a nanoparticle (NP) to exhibit a crystalline-like IR spectrum would be 
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that it has at least 50% of its atoms to be in relatively undisturbed crystalline positions. Using the 

SCA (see Subsection 3.2.1), we predicted that the energetic stability cross-over size between 

amorphous and crystalline NPs is ~12 nm diameter. For this NP size, the SCA provides us with an 

estimate of the ratio of surface to core atoms of only 24%. This is a lower bound as in real NPs the 

surface area is typically larger than that of a sphere and surface reconstruction of the outermost atoms 

can also disrupt sub-surface atomic ordering. Nevertheless, at this cross-over size and above it is 

highly probable that olivinic NPs have crystalline cores and that the reconstructed surface atom 

proportion is <50%, and thus we would more likely expect a crystalline-like IR spectrum. Conversely, 

for the largest NPs considered in our study the SCA predicts a significantly higher lower bound 

proportion of surface atoms of 60.5% for the 418 NPs and 79.3% for the 116 formula-units NPs. The 

high proportion of surface atoms in each case and the associated surface reconstruction is consistent 

with the non-crystalline IR spectra for these NPs. We also note that atoms in the bulk also contribute 

somewhat to broadening, as it is evident from the absence in the IR spectra from all NP models of 

significant features at wavelengths larger than ⁓24 μm, usually assigned to modes involving Mg 

cations in perfect crystalline silicates.6 As such, even in the NP core, the positions of Mg and O atoms 

in the largest considered BC NPs cannot be considered as fully mirroring those of crystalline 

forsterite. 

Clearly, the IR spectra of our larger NPs of all types are dominated by two broad features associated 

with Si-O stretching and O-Si-O bending modes. The peak wavelength, width and strength of these 

bands are related to the distribution of Si-O bond lengths and O-Si-O angles in each NP. For very 

narrow distributions of these quantities (as in crystalline forsterite) the associated IR bands will also 

be very narrow. For non-crystalline systems, the associated IR peaks will be related to the properties 

of the distributions of Si-O bonds and O-Si-O angles (e.g. broadness, maximum values). Clearly, we 

have similar types of 10 and 18 µm bands (i.e. position, width and intensity) for both relaxed BC NPs 

and amorphized NPs and we should thus expect that their Si-O bond lengths and O-Si-O angle 

distributions are similar. In the SI (see Figures S27-S32) we show these distributions for the BC, A 

and N 116 formula unit NPs clearly demonstrating their similarity, thus helping to underpin the 

similarity of the resultant IR peaks. We also note that the width of the Si-O stretching peak in our 

larger NPs ranges from 1.7 to 2.0 µm which is in line with typical ISM 9.710 µm peak widths.54 

Although consistent with observation, our calculations only deal with a very small selection of NP 

structures, sizes and compositions and the possible significance of this match should not be 

overstated. 
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As a consequence of the above-mentioned effects, the simulated NP spectra for all our larger NPs 

closely resemble those assumed to arise from amorphous cosmic silicates. Thus, contrary to the 

spectroscopic distinguishability of large crystalline and amorphous dust grains, Mg-rich olivinic 

nanograins (at least in the size range considered herein) cannot be classified as being in an amorphous 

or crystalline state only from their IR spectra, despite the fact that they can be explicitly and 

measurably shown to be structurally and energetically distinguishable. 

3.3.2. Temperature effect on simulated IR spectra 

To justify the extent of broadening (FWHM) applied to the individual harmonic frequencies in our 

computed IR spectra above, we also computed the IR spectra for the 104 BC and 80 BC NPs (as test 

cases) directly from finite temperature classical MD simulations at temperatures of 100 K and 400 K. 

As these calculations would be extremely computationally expensive to perform at a QM level, we 

employed the CM-based GULP codes for this analysis. Such calculations inherently incorporate 

anharmonic effects and thus provide a realistic measure of the temperature-induced broadening of 

spectral features. Details on the theoretical background to calculate such spectra can be found in the 

SI. The results for the 104 BC NP only are shown in Figure 12.  

At a temperature of 100 K, the MD-based IR spectra show at least five discernable peaks in the 10-

12 μm Si-O stretching region and three peaks in the 15-22 μm O-Si-O bending region. This 

corresponds well to the respective number of distinct peaks in each corresponding region of the 10 

cm–1 broadened harmonic spectrum (see lower spectra in Figure 12, left). Conversely, the 400 K 

MD-derived anharmonic spectrum has fewer discernible peaks in the Si-O wavelength region and 

only a single broad peak with two shoulders in the O-Si-O bending region. This spectrum better 

corresponds to a 20 cm-1 broadened harmonic spectrum (see upper spectra in Figure 12, right). 

From these results, we can conclude that when computing the IR spectra of NPs using the harmonic 

approximation, the applied broadening can be tuned to simulate temperature-induced anharmonic 

effects. Here, we find that a harmonic IR spectrum broadened by 10 cm–1 provides a good 

approximation to the inherent broadening of an IR spectrum of a NP at ~100 K. All our harmonic 

spectra in Figure 11 are broadened by 10 cm–1 and thus roughly correspond to the temperatures that 

could be encountered in a number of astrophysical environments (e.g., CS, protoplanetary disks, 

exoplanetary atmospheres, diffuse interstellar clouds). We further note that this analysis only 

corresponds to the effect of temperature on the IR spectrum of a single NP. A more detailed analysis 

should take into account large ensembles of NPs with different sizes and structures which will also 

tend to affect the discernable details in an observed IR spectrum. 
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We note that the small amount of broadening applied to our calculated harmonic frequencies results 

in a corresponding broadening of the wavelength peaks of ~0.1 μm. As such, the applied broadening 

mainly affects the number of resolved peaks in a spectrum, but does not significantly affect the overall 

broadness of features comprised of many summed peaks (as clearly seen in Figure 12). As such, the 

widths of our calculated Si-O and O-Si-O features are hardly affected by the choice of individual 

peak broadening.        

 

Figure 12 Comparison of the harmonic IR spectra for the 104 BC NP applying two different 

broadenings (FWHM = 10 cm–1 in black and FWHM= 20 cm–1 in blue), with the MD based IR spectra 

(red). The MD simulation temperature is set equal to 100 K (left) and 400 K (right). 

4. CONCLUSIONS 

In this work we provide a comprehensive study of the energetic, structural and IR spectroscopic 

properties of crystalline and non-crystalline Mg-rich olivine (Mg2SiO4) NPs possessing 10s to 1000s 

of atoms (from ~1 to ~5 nm in diameter). Bulk cut (BC) crystalline-like NPs were modelled using the 

top-down Wulff construction, while two kinds of non-crystalline NPs were studied: thermally 

annealed (amorphized, A) NPs based on the Wulff constructed cuts, and nucleated (N) particles 

grown by monomeric addition. While the amorphized and bulk cut NPs share some structural features 

similar to bulk crystalline forsterite (e.g. isolated SiO4 units), the nucleated NPs show the presence 

of pyroxene-like chains and small MgO regions, and thus can be seen as partial solid mixtures. In 

terms of energetics, BC NPs are metastable with respect to annealed amorphous NPs, while nucleated 

NPs are higher in energy than both other NP types. In the bulk phase, however, crystalline forsterite 

is the most energetically stable phase. From the size-dependent energetic trends of the annealed and 

crystalline NPs, we tentatively estimate that the energetic stability cross-over size between these two 

NP families will occur for a NP size of ~12 nm diameter. 
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We have analysed the structures of our NPs in detail in order to evaluate the effects of amorphization 

by comparing three measures of crystallinity to assess local and periodic order. The displacements of 

silicon atoms were used to characterize the periodic order and demonstrated that the amorphous NPs 

are easily structurally differentiated as more disordered with respect to the crystalline BC NPs. From 

the analysis of the “average Mg coordination number” <Mg CN>, our local order descriptor, we show 

that the BC NPs have lower than bulk values due to surface effects, which cause a lowering of the 

Mg coordination. However, the A and N NPs show even lower <Mg CN> values due to their more 

disordered structures. Examining the spatially resolved local structural distortion of tetrahedral SiO4 

units in BC and A NPs we also confirm that: i) A-type NPs show a homogenous distribution of 

disorder throughout the whole NP, and ii) BC NPs show only significant local structural distortion at 

their surfaces. Due to the large surface to core atom proportions (> 50%) in the considered NPs the 

effect of surface relaxation on the IR spectra of BC NPs is found to be relatively large.  

The IR spectra of the smallest NPs are composed of a large collection of distinct signals. As the NP 

size increases the IR spectra of all NP families show broader peaks in the characteristic ~10 and ~18 

μm regions, in accordance with typical astronomical silicate IR spectra. Surprisingly, both thermally 

annealed structurally amorphous NPs and NPs relaxed from bulk crystalline cuts (with only 

significant disorder at their surfaces) show similar double peaked broad spectra. Indeed, from the 

calculated IR spectra, our larger BC and A NPs would be clearly judged as spectroscopically 

amorphous. This result implies that that it would be very difficult to accurately estimate the degree 

of crystallinity of nanosilicate grains in the ⁓1-5 nm diameter regime using IR spectroscopy alone. In 

contrast, the IR spectra from nucleated NPs arising from gas phase monomeric addition show some 

features that make them distinguishable from the A and BC NPs. 

There are several astronomical implications to our results. First, the higher energetic stability of 

amorphous NPs with respect to their crystalline counterparts highlight the necessity to include such 

considerations in theoretical works of the formation of silicates in different environments. Here, 

however, further work is necessary to provide a more accurate estimate of the cross-over NP size for 

the amorphous to crystalline transition. Second, the IR spectra of maximally crystalline nanograins 

(i.e. BC NPs) having diameters of ~4.5 nm cannot be distinguished from the corresponding spectra 

of amorphous nanograins (i.e. A NPs). This surprising result may cast some doubts on the currently 

established upper limits of the fraction of crystalline silicate dust in the ISM based on observed IR 

spectra. If a large population of crystalline nanograins exists in the ISM, a traditional analysis would 

lead to their observed IR spectra being interpreted as showing the presence of amorphous grains. 

Generally, the existence of many highly crystalline nanograins could be hidden in IR spectra that are 
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usually taken to indicate only amorphous silicates. Although further studies are needed to evaluate 

the size regime where the IR spectra of crystalline and amorphous NPs eventually becomes 

distinguishable, our results may also provide support for preliminary results from X-ray absorption 

observations49,55 which indicate a relatively large fraction of crystalline silicate dust in the ISM as 

compared to estimates based on analyses of IR spectra.16 
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for the IR spectra. S4: plots of the harmonic IR spectra for all NPs. S5: Si-O bond distance and O-Si-

O angle distributions for the 116 formula-units BC, A and N NPs. This SI file is also integrated with 

some other supporting material available online: Cartesian coordinates of all optimised NPs where 

we report the structure of each Ol NP in the XMOL format, and input and output files of our 

CRYSTAL (DFT) and GULP (Walker FF) calculations containing the computed IR intensities and 

frequencies of all NPs. 
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