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Abstract. The impact of the size of free and embedded GaN nanoparticles on

vibrational properties has been studied using 3 different numerical methods. The

thermal conductivity of free nanoparticles was also estimated with Equilibrium

Molecular Dynamics. Important discrepancies between the vibrational density of states

of small nanoparticles compared to the bulk are observed, such as the presence of

modes in the bandgap related to the surface modes, the optical peaks decrease, and

the redshift of transverse acoustic peak. When these nanoparticles are embedded

in a SiO2 matrix, the peaks in the bandgap disappear and the transverse acoustic

modes are shifted back to the bulk frequencies. These differences between the free

and the embedded nanoparticles tend to disappear for nanoparticles with diameters

larger than 5 nm. Finally, the thermal conductivity for free nanoparticles is computed,

showing a nonlinear augmentation upon the increase of the size of nanoparticles. The

latter results could be useful in effective medium models used to estimate the thermal

conductivity of nanocomposites.
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1. Introduction

Nanoparticles (NPs) consist of a group of nanomaterials with characteristic dimensions

of few nanometers and usually a narrow range of size distribution. Thanks to the

evolution of nanofabrication methods it is possible to control their sizes, chemical

composition and orientation as well as their dispersion characteristics. They can be

integrated into a liquid solution [1] or embedded in a solid matrix [2]. There are

several studies in the last two decades which show an increasing interest in the topic,

notably the influence of embedding NPs in a matrix. For instance, in nanofluids,

the viscosity, the electrical conductivity and the density have been found to change

with NPs concentration [3]. Metallic NPs have been used to increase the electrical

conductivity of polymers [4]. NPs have been proposed also for specific applications, for

example nanoplasmonics where metallic NPs are used for coupling electromagnetic and

mechanical waves [5, 6].

The impact of NPs on the thermal transport starts to attract the scientific interest;

from the computation of the thermal properties of the NPs themselves, to their impact on

the thermal properties in nanocomposites. Studies showed that the thermal conductivity

of single silicon NP represents only a fraction of the bulk conductivity and increases

linearly with the diameter [7, 8]. When the NPs are embedded in a matrix, the effective

thermal properties are altered considerably. The role of NPs as scatterers for the heat

carriers has been observed [9], but their influence is not trivial: their orientation [10],

stiffness [11], or size distribution [12] can have a strong impact on the thermal properties

of these nanocomposites.

Concerning the vibrational properties of NPs, they have been first computed using

the continuum mechanics solution for the vibrations of a free sphere [13]. This approach

was successfully applied to predict resonant modes in NPs down to 1 nm in diameter for

crystalline NPs [14]. This approximation should theoretically work for amorphous NPs

as long as characteristic lengthscales of the vibrational modes are not smaller than 40

interatomic distances [15]. Transpositions of the original solution exist for anisotropic

materials [16] or embedded NPs [17, 18]. These models based on Lamb’s model [19],

predict resonant frequencies depending on the material, that scale with the diameter.

NPs vibrational properties have been also studied using atomistic models, like molecular

dynamics (MD) simulations, with a successful comparison with the continuum theory

in the case of Ge or Ag [17, 18]. Some studies have focused on other features of NPs

vibrational density of states (VDOS), like spectral spreading and surface effects. These

effects were observed in the case of monoatomic metal and bimetallic alloys [20, 21].

The case of III-V semiconductors has been studied by Han and Bester [22, 23], showing

similar size effects on NPs VDOS. Finally, II-VI semiconductors NPs have been also

studied with a focus on the temperature, size and composition impact on the heat

capacity and structural properties [24, 25].

Here MD simulations is used to study the impact of the size of GaN NPs, and

whether they are free or embedded in an amorphous SiO2 matrix, on their VDOS. In
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the following section, the description of the modeling of our configurations and the

methodologies to compute the VDOS and the thermal conductivity will be detailed.

Section 3 gathers the results of VDOS and participation ratio of free and embedded NPs

as well as the thermal conductivity of free NPs. The article ends with the Discussion and

Conclusion section in which a comparison of the three VDOS methodologies is analysed.

2. Materials and methods

2.1. Modeling of the configurations

To create the GaN NPs, we cut them out from a relaxed GaN wurztite crystal. Hereafter,

GaN NPs will be referred simply as NPs. Studied NPs radii R ranges between 1 and

4 nm, and contain 369 to 23 000 atoms, and they will be labeled as NPR. The free NPs

(FNPs) are relaxed in an equilibrium position using a conjugated gradient method, then

equilibrated at 300 K for 20 ps. We use fixed boundary conditions for the simulation

box to avoid any artefact due to periodic boundary conditions, such as interactions

between neighboring NPs. To model the embedded NPs (ENPs) in a silica matrix

a cubic simulation box with length twice this of the NP diameter was cut out in a

bulk a-SiO2 sample. The box length was chosen here to limit the interactions between

neighboring NPs through periodic boundary conditions while limiting the total number

of atoms. In this cubic box a spherical pore with a radius larger than the radius of

the NPs by 0.1 Å is cut to avoids any superposition of atoms of the matrix with atoms

of the NP. Inside this empty pore, we then added the NP, which has been carved out

from the bulk GaN crystal. To relax the interfacial stresses, an additional relaxation

is performed using the conjugated gradient method. After this step, the system is

annealed at 300 K for 20 ps. All modeling and MD simulations are performed using the

opensource software LAMMPS [26]. Two configurations representing the two types of

materials studied are depicted in figure 1. The Tersoff interaction potential developed

by Kioseoglou et al. [27] is used to describe the interatomic interactions. It combines

interatomic potential developed: for SiO2 [28], for GaN [29], for oxynitrides [30] and for

silicon nitride [31]. This combined interatomic potential allows the simulations of silica

and gallium nitride nanocomposites using the same potential form and it has been used

previously with success [10].

The silica glass sample is obtained through the method described by Mantisi et

al. [33]. A sample of cristobalite crystal is first created and then relaxed to minimize

the potential energy. It is then heated from 0 K to 5200 K in 1 ns in order to melt it,

and then is kept during 10 ps for homogenization at this high temperature. It is finally

quenched from 5200 K to 300 K in 1 ns. All these steps are performed using a BKS

interatomic potential [34] instead of the Tersoff potential. The use of a Tersoff potential

at high temperature leads to silica micro structure with 40% coordination defects (five

fold or six fold coordinated Si atoms), whereas at the normal pressure range, almost none

of them are expected [35]. We then reverted to the Tersoff potential for the quench from
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(a) (b)

Figure 1: Visualisation of the free (a) and embedded NPs in silica matrix (b). Blue

atoms are Ga, red N, gray Si and dark gray O, obtained with OVITO [32]

300 K to 10 K. Finally we relaxed the structure using a conjugated gradient method and

then a Hessian-free truncated Newton algorithm to ensure a better convergence. This

method allows to keep the coordination defect below 2%. The partial radial distribution

function (PRDF) of the free NPs was examined. The peaks positions and sharpness do

not change relative to the bulk PRDF, even for the smallest diameter NP studied here,

which is an indication of very small surface reconstruction and amorphization of the free

surface of NPs (see Appendix A for more details).

2.2. Vibrational density of states

For the vibrational density of states (VDOS) of free or embedded NPs of different

sizes, three methodologies are used here: 1. the direct diagonalization of the dynamical

matrix, 2. the eigenvalues estimation with the kernel polynomial method and 3. the

Fourier transform of the velocity autocorrelation function.

The first two methods are based on the dynamical matrix (DM). The elements of

this matrix are defined for any periodical or finite object as:

Miα,jβ = (
√
mjmi)

−1 ∂2U

∂riα∂rjβ
(1)

with i and j indexing atoms, α and β indexing the spatial directions, m the masses of the

atoms, rjβ the position of the jth atom displaced in the direction β, and U the potential

energy of the system. LAMMPS evaluates the DM by computing the force modification

due to a single atomic displacement. The interactions between the atoms are reduced

to their stiffness, as the energy landscape is harmonic. The DM associated with the
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full system (for FNPs) or only part of it (for ENPs) can be computed. This last one is

computed by the motion of every atom belonging to a chosen set. The SiO2 atoms are

fixed, which is equivalent to having a fixed interface around the embedded NPs, allowing

the computation of VDOS only for the NPs. The DM describes the vibrations of the

NPs with a single 3N × 3N matrix with N the number of atoms. The eigenvalues of

this matrix give the eigenfrequencies square of the system and the eigenvectors allows

us to obtain the vibrational modes. The handling of the matrix is facilitated by its

sparseness: equation 1 reduces to 0 if the atom i lies outside the cutoff radius of atom

j.

For the smaller diameters NPs, one can diagonalize explicitly the dynamical matrix

using the Implicitly Restarted Arnoldi Method [36] implemented in Sci Py for python.

This method will be called ”direct” diagonalization of the DM in the following. This

method allows obtaining the vibrational modes and the frequencies simultaneously and

thus one can compute the participation ratio (PR) for each mode. The participation

ratio indicates the fraction of atoms participating to a specific mode. It is computed as:

PR =
(
∑N
i=1 ‖ri‖2)2∑N
i=1 ‖ri‖4

1

N
(2)

with ri the displacement of the ith atom for the specific mode and N the total number

of atoms.

Another possibility to compute the VDOS is to use the Kernel Polynomial Method

(KPM) described by Weie et al. [37] and adapted to the computation of VDOS by

Beltukov et al. [38]. This method approximates the VDOS by series of Chebyshev

polynomials.

The last among the three methods to obtain the VDOS is a statistical method

involving the velocity autocorrelation function (VACF) [39]. The system is first

thermalized at 50 K for 10 ps with a Nos-Hoover thermostat. The temporal auto-

correlation function of the velocities is then averaged over the particles and over

the initial time step, using the same thermostat during the next 100 ps. For these

simulations, fixed boundary conditions are used for FNPs (that does not include any

matrix around) and periodic boundary conditions are used for ENPs (at the borders

of the surrounding matrix). The VDOS is then obtained from the temporal Fourier

transform of the VACF. Finally, the Fourier transform is filtered with a Savitzky-Golay

filter [40]. As the calculation of the VACF relies on statistics, it performs better for

large systems over long-time simulation runs. On the other hand, the DM methods

allow representing exactly every existing vibrational mode of the simplified (harmonic)

system, but are limited to smaller systems due to restrictions related to the numerical

diagonalization methods. The KPM method is a good alternative for large systems, but

its precision depends on the number of iterations used. The VACF is thus simpler to

handle, but less precise for small systems. Moreover, in case of ENPs, the VACF takes

into account the atomic motions of the surrounding matrix, while this one is immobile

in the DM methods.
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2.3. Thermal conductivity

The thermal condutivity of the FNPs is computed thanks to the Equilibrium Molecular

Dynamics method. This method is based on the fluctuation dissipation theorem, linking

the decay of the fluctuation of an internal variable to its response function. The Green

Kubo formula linking the flux auto-correlation integral to the thermal conductivity is

written as:

καβ = (V kBT
2)−1

∫ ∞
0
〈Jα(0)Jβ(t)〉dt (3)

with α and β the directions, V the volume of the NP, kb the Boltzman constant and

Jβ(t) the heat flux in the direction β at a time t. The heat flux computation entails for

each atom a kinetic part and a potential part. The potential part is derived from the

virial stress. A discretized version is [41]:

καβ = ∆t(V kBT
2)−1

M∑
m=1

(m− p)−1
p∑

n=1

Jα(m+ n)Jβ(m) (4)

with ∆t the time step between two successive flux computations, M the total number

of time steps, and p the maximum step over which the autocorrelation function is

averaged. The inclusions are heated at 300 K, using an initial velocity distribution

without overall translational or rotational momentum. The system is then equilibrated

at this temperature for 0.5 ns using a Nos-Hoover thermostat. We then extract the flux

every 10 fs, and compute the flux autocorrelation decay over 40 ps, while the average

is done over 5 to 10 ns. To obtain better statistics, the results are averaged over 5 to

10 runs with different seeds for initial velocities. All these simulations were done at

300 K using a Nos-Hoover thermostat. The NPs were free to move, nevertheless, very

few translation or rotation collective movements have been observed. These latter are

excluded in the statistics for the computation of κ

There are known issues for the computation of virial stress with many-body

potential such as Tersoff potential with LAMMPS, but as discussed by Termentzidis

et al. [10] we will considered it as marginal.

3. Results

3.1. VDOS of free nanoparticles

The vibrational density of states of FNPs with different sizes (colored plain lines) and

for bulk GaN (dashed black line) are depicted in figure 2 for comparison. At first view,

one can notice that bulk and NPs VDOS are quite similar, even for small NPs composed

of a few hundreds atoms (see table 1). The two acoustic peaks are noticeable and they

can be linked to the Van Hove singularities [42]. Then, we will focus on the effect of

the diameter reduction. Three main effects appear: the first one is the population of

the bandgap, by 3 main modes at 14, 18 and 20 THz. Their intensities increase as the

NPs decrease in size. Their relative importance in the DOS spectra is confirmed by the

difference in participation ration (PR) for different sizes: between FNP10 and FNP25
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FNP30
FNP40
Bulk GaN
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Bulk GaN

Figure 2: VDOS of GaN FNPs computed from the DM with KPM (a) and from the

VACF (b). Colored lines represent the different NPs and the dashed black line the bulk

GaN

their PR decreases (see left column of figures 3), indicating that these modes are more

and more spatially confined in percentage of in-phase moving atoms. These modes are

related to surface modes and they were observed for other III-V semiconductors [22].

The increase of PR of those modes with the increase of the surface to volume ratio (see

table 1) tends to confirm their localisation at the surface. It is also worth noticing here

that the frequencies of these modes do not depend on the size of NPs. This means that
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they cannot be linked to Lamb’s modes or other resonant modes. Note also here, that

with the VACF method (figure 2 b) the peak at 14 THz is less sharp.
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Figure 3: VDOS (red line) and participation ratio (blue dot) derived from the direct

diagonalization of the DM for the FNPs (right) and ENPs (left)

The second effect is a redshift and/or blurring of the first acoustic peak for the

radii up to 20 Å. This shift increases with decreasing NPs radius. This phenomenon is

more sensitive to the VDOS estimation through KPM (figure 2a) and with the direct

method (figure 3 left panel), but it is also visible when using the VACF, especially for

the smallest NPs (figure 2b). This redshift differs from what was previously observed

by Combe et al. [17] for Ge nanodots using Stillinger Weber potential. In the latter
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work a blue shift was mentioned instead, as it would be expected from the Lamb’s

theory where the eigenfrequencies scale with the inverse of the radius. Nevertheless,

there are other studies that confirm our results; a mode softening. This softening was

linked to the increased surface-to-volume ratio for metallic NP [21] or GaP NP [22].

Now concerning the blurring effect, we believe that this is due to the modification of

the shape of resonant modes. If we use the longitudinal and transverse sound velocities

given by Polian et al. [43], the fundamental Lamb’s modes of a free isotropic sphere,

corresponding to the NPs sizes of our study, lies between 1 and 5 THz. Below 3 THz

the wavelength of the longitudinal phonons as described by Jiang et al. [44] exceeds

largely the smallest NP diameter. But, due to elastic heterogeneities, the effective sound

velocity decreases, competing with the decrease in the NPs radius, and thus impacting

the Lamb’s frequencies [45].

The last diameter-dependent feature of VDOS is the intensity decrease of the optical

peaks. A broadening of optical peaks was already observed and attributed to changes

in the crystalline structure [22]. But the crystallinity of our NPs does not seem to

change (see Appendix A). Moreover, the decrease of optical peaks intensities compared

to acoustic ones appears also in the direct diagonalization. Thus, this phenomenon is

independent of the method used to calculate the VDOS. The surface effect is the most

probable explanation of the intensity decrease, as the ratio of Ga to N is constant for

all the NPs.

Last but not least, it is worth to mention at this point, that the optic peaks obtained

with this interatomic potential is blue shifted when compared to the one obtained from

experimental results [46] and even more compared to ab-initio computation [47, 44].

The empirical potential used here shows a good agreement for the acoustic modes but

is less accurate for the optic modes. A figure comparing the results from our study, the

exprimental [46] and the ab-initio [47] results is available in Appendix B.

3.2. Thermal conductivity of FNP

The thermal conductivity (κ) of the FNPs of radii 10, 15, 20, 25, 30 and 40 Å are

depicted in figure 4 and recorded in the table 1. We have reported in the same table

the percentage of surface atoms, belonging to a spherical shell of 2 Å thickness. 2 Å is

chosen in order to encompass every atom appearing visually at the surface.

The κ of NP, as expected, is only a small fraction of bulk GaN one (≈ 160-

220 W K−1 m−1 [48]). For the smallest NP studied here, it is three orders of magnitude

less than the bulk value. When increasing the size of NP, the κ increases in a non linear

way, in contrast to a previous study for Silicon FNPs with diameters 2 to 12 nm in

which a linear size dependence was reported [8].

The previously reported VDOS modifications due to the size effect can impact the

κ when taking into account the separate contribution of each phonon frequency. For

instance, modes below 5 THz contribute to 50% of the thermal conductivity according

to Tang et al. [47]. Furthermore, the surface modes in the bandgap gain intensity upon
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10 20 30 40
Radius (Å)

0.1

0.2
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0.4

 (W
m

1 K
1 )

Figure 4: Thermal conductivity of FNPs computed with EMD at 300K, the error bar

corresponds to the standard deviation between the 5 to 10 independent runs. The blue

line is a fit to a cubic scaling law as a guide to the eye.

# of atoms % of surface atom κ (W K−1 m−1)

NP10 369 52 0.17 ±.01

NP15 1239 36 0.19±.02

NP20 2952 29 0.20±.01

NP25 5657 24 0.23±.02

NP30 9942 20 0.27±.03

NP40 23580 16 0.37±.02

Table 1: Characteristics of the FNP

decreasing the radius of NPs. However, these surface modes do not penetrate in the

NPs, so they do not contribute much to the overall flux. Size effects are also known to

promote phonon mode hybridization that can impact the thermal conductivity [49]. We

are aware that the few points in figure 4 cannot give the exact tendency nor the whole

picture, but we can notice a cubic scaling dependence of κ with the diameter, which

might be related to a volume (r3) dependence. The calculated thermal conductivity of

a FNP here quantifies how effective the energy exchange inside the particle is. Due to

size effects, it differs from the bulk. This is an important effect that one should take

into account when effective medium approximation (EMA) models are used to estimate

the effective κ of a nanocomposite.

3.3. Vibrational density of state of ENP

In the following section the ENP will be studied, focusing on the substitution of the free

surface by an interface with an amorphous material. For the case of ENPs, the frequency

shift of the VDOS acoustic peaks with the size of the ENPs as observed in the previous

paragraph for the FNPs disappears, as well as the modes inside the bandgap of bulk

GaN at 14, 18 and 20 THz. We relate these modifications to the elimination of the

surface modes [21, 22].
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Figure 5: VDOS of GaN ENPs computed with the DM with KPM (a) and from the

VACF (b). Colored lines represent the different NPs, the dashed black line the GaN

bulk and the dotted gray line the SiO2.

A marked broadening of the optical peaks can still be observed for the smallest

ENPs, as well as a population of the bandgap, but this time in a much more uniform

way. This can be understood as the influence of the SiO2 matrix on the modes. Matrix

modes are indeed available at those frequencies as can be seen in figure 5 where the SiO2
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VDOS is represented with a dotted line. Previous work showed that, at the interfaces,

modes of the different phases combine together [50, 51, 52]. This effect could be used to

deduce which mode can be transmitted or reflected on the inclusion. Additionally, new

optical branches seem to appear towards high frequencies for all ENP sizes, something

that was not observed for FNP. The most probable explanation for this might be the

hybridization of the optical modes of the GaN with the higher frequencies modes of the

SiO2 matrix.

Finally, the only common tendency between free and embedded NPs is the relative

decrease of the optical peaks for small sizes. This effect is even more visible in figure 5

compared to figure 2. It is partially due to the normalization of the VDOS area, but the

acoustic peaks seem less impacted. As this effect is present for both free and embedded

NPs, it cannot be due to free surface effect only. It is most probably related to the

amorphization of the surface or interface. Indeed, the embedded NPs seem to show

more amorphization than the FNPs, as discussed in Appendix A.

The previous observation on the VDOS of ENPs are valid for the two methodologies

VACF and KPM. The last one shows a sharper definition of modes and it is thus

selected to make a more rigorous comparison between the ENPs and FNPs VDOS. The

comparison between FNPs and ENPs in figure 6 allows underlining the previously cited

differences (here represented in red). First the difference in intensity of the optical

peaks between the FNPs and ENPs can be observed; the peaks for the ENPs are lower

compared to FNPs. This difference is enhanced when decreasing the size of the NPs

(red arrows). Then the redshift of the TA peak for FNPs appears clearly for radii up to

20 Å, while the distinct modes in the bandgap for FNPs disappear for the ENPs. This

confirms the fact, mentioned in the previous paragraph, that these modes are related

to free surface effects. Finally, one can observe in ENPs background modes, which are

related to the matrix.

4. Discussion and Conclusion

Let’s start this section with an overall comparison of the 3 methods used to simulate the

VDOS for both embedded and free NPs. To do so, the VDOS of NPs with two different

sizes are depicted in figure 7 for the 3 methods. The estimations of the DOS with

the direct diagonalization or the approximation with KPM leed to sharper features

in the DOS, especially for the smallest diameters NPs (top panels of figure 7). This

can have two origins: the poor statistics of the VACF due to the reduced number of

particles, and/or the anharmonicity mainly due to the agitation of surface atoms during

simulations. In case of ENPs, the vibrations of the surrounding matrix allowed only

in the VACF method, contribute also to broaden the VDOS in this case. For bigger

diameters, the similarities between the methods using the DM and the VACF validate

the fixed interface conditions used when computing the DM. Finally, this shows that

the computation of the DM restricted to the NP atoms only is globally adapted to the

computation of VDOS of NPs embedded in an amorphous matrix.
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Figure 6: VDOS comparison for every NP diameter between free in continuous line and

embedded in dotted line, from the DM using KPM

In general the three methods converge for NPs with diameters larger than 5 nm.

Nevertheless, for smaller NPs one should be careful about the methodology selection,

as the impact of temperature can only be taken into account directly with the VACF

method. On the other hand the DM approach detects detailed features that the VACF

looses due to thermal agitation and poor statistics (small number of atoms). We have
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Figure 7: VDOS for NP10 and NP25 free and embedded, using the different method for

the evaluation of the VDOS

to notice here that the DM is feasible only for small NPs with maximum 10 000 atoms

because larger number cannot be considered due to CPU limitations related to the

direct diagonalization scheme. In contrast KPM, scheme can overpass the direct method

limitations, but it is also constrained due to matrix size limitation compared to available

RAM.

To conclude, the vibrational density of states of GaN NPs free or embedded in

an SiO2 matrix was studied. We have observed 3 different phenomena for the FNP: a

redshift of the first acoustic peak, the appearance of surface modes in the bandgap and

an intensity decrease of the optical modes. As the NP is embedded in a SiO2 matrix,

only the latter effect persists, and modes induced by the interface with the matrix

increase in intensity as the NPs decrease in size. We did not observe specific peaks for
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the Lambs modes characterized by a frequency inversely proportional to the radius of

the inclusions: they are indeed hidden in the VDOS spectra, but can be identified easily

at low frequencies with the DM.

Concerning the thermal conductivity of the FNPs, we have observed that it does

not follow a previous linear dependence observed for the case of silicon NPs. In III-

V semiconducting NPs and more specifically in GaN NPs the thermal conductivity

increases in a cubic power low of nanoparticles diameter. The nonlinear size dependence

of the thermal conductivity underlines that the mean free path limitation to the NPs

size is not the only parameter to take into account, otherwise we would have had a linear

dependence with the size. This nonlinearity might be due to surface modes and how

these modes interact with the heat flux fluctuations in the core of the NP. Note that

collective modes involving the full matrix coupled to the nanoparticle are not taken into

account by the DM methods due to the fixed condition. It was shown in recent articles

that the matrix can also play a role [51], especially from its damping properties [11],

together with the impedance break between the particle and the matrix [52]. Collective

modes may appear when nanoparticles are embedded in a host matrix. However, our

purpose here focuses on the properties of isolated nanoparticles. The thermal properties

of the specific nanocomposite (GaN nanoinclusions in a silica matrix) have been already

studied and discussed elsewhere [10].
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Appendix A. Partial radial distribution function
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Figure A1: RDF for GaN atoms at 300K for FNP (a) and partial RDF of GaN in ENP

(b)

The PRDF of ENPs and FNPs is represented in figure A1. The PRDF allows
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comparing the crystalline structure of the NPs with decreasing radius and the differences

with the bulk. The first peak represents the distance to the nearest neighbor, the second

one the distance to the second nearest neighbor and so one. Here, we see little or no

change to the PRDF going from bulk to free NPs. A similar analysis made on Si NPs

with a Tersoff potential showed reorganization at the surface [7], this discrepancy may

come from the higher temperature (1600K) annealing of their NPs. For the embedded

NPs on the opposite, a peak broadening can be observed. It is visible from the second

nearest neighbor on. This broadening increases with decreasing diameter which is

symptomatic of amorphization at the interface due to the contact with a-SiO2. These

observations confirm that for our configuration, the GaN-SiO2 interface has more impact

on the vibrational properties than the free surface of FNPs.

Appendix B. Comparison of GaN bulk VDOS
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Figure B1: Comparison of the VDOS of bulk GaN using KPM, direct diagonalization

and VACF with results from ab-initio calculation by Tang et al. [47] and experimental

results by Nipko et al. [46]
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