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Phase II upgrades:
Factor 3 reduction of coating 
loss angle
Beam size increase on ETM

Increase the mechanical 
performances of today's 
reflective coatings, retaining 
their outstanding optical and 
morphological properties.

1. Coating thermal noise

Coating Thermal Noise (CTN) limits the 
detection band in the “bucket“ (middle 
frequencies) which is the most sensitive 
region of the GW detectors.
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2. Atomistic simulation of SiNx

3. Amorphous Si3N4 4. Simulated Dynamical Mechanical Spectroscopy

6. Conclusions and perspectives

5. Results of mechanical losses in Si3N4

Goal: increase the mechanical performances of current coating materials. 

An intensive, cooperative effort is ongoing within the VCR&D to provide 
comprehensive characterization of silicon nitride SiNx which represents a 
promising candidate as a possible solution for the reduction of mechanical 
losses in coating films.

Simulations and modeling are standard tools for studying glasses and can 
be of help in the material selection by providing a “quick” estimate of
mechanical losses.
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Scrutinizing the existing interatomic potentials for  classical Molecular Dynamics 
simulations of SiN:

- Tersoff potential: strong impacts of short cut-offs on the structure

- Marian-Gastreich 3-body potential: tendency to over-coordinate atoms

- Vashisht potential: tendency to create crystalline structures

- Garofalini potential: OK

- Marian-Gastreich 2-body potential: OK and computationally efficient

5. Summary and conclusion

We model a-Si3N4 using a combination of empirical poten-
tials and density functional theory calculations. Empirical
potentials chosen are - five parameterizations of the Tersoff
potential for N (001-1, 001-2, 002-1, mat and BM), the
Marian-Gastreich two-body (MG2) and three body (MG3)
potential, the Vashishta (V) potential and the Garofalini (SG)
potential. Models with target densities q = 2.6–3.4 g!cm"3 are
generated with empirical potentials using melt-and-quench
techniques and subsequently optimized within density func-
tional theory. We compare the ‘‘quality” of these models in
terms of structural features, coordination of atoms, pair correla-
tion functions (PCFs) and enthalpies of formation (DHf) – as
obtained from DFT calculations.

Our results indicate that both Garofalini (SG) and Marian-
Gastreich two-body (MG2) potentials are excellent choices for
empirical potential modeling of a-Si3N4. These potentials yield
models that are relatively defect free with <5% of under-
coordinated Si or N, even before DFT optimization. Compared to
this, the Tersoff models produce an excessive amount of under-
coordinated Si, even after rigorous DFT optimization. Such under-
coordination of atoms is unrealistic as this relates to highly reac-
tive dangling bonds in the system. The MG3 potential has a ten-
dency to over-coordinate atoms. Models generated using the
Vashishta potential have a small fraction of under-coordination
of atoms. However, melt-quench simulations with this potential
yield models with nuclei of a hypothetical defect sphalerite-type
of Si3N4, showing a strong tendency of this potential to create crys-
talline structures.

Analysis of pair correlation functions highlight the impact of
short cut-offs for Tersoff models. Noticeable peaks build up at
cut-off distances using the empirical potential, and vanish during
DFT optimization. In contrast, MG2 and SG models show barely
any change in their PCF. Models produced using the Vashishta
potential exhibit a series of pronounced distance correlations up
to 8 Å, corresponding to signature peaks of crystalline dsph-Si3N4.

Best estimates for the enthalpy of formation (DHf) of amor-
phous silicon nitride, a-Si3N4, are 0.25–0.29 eV/atom, based on
models generated using the SG and MG2 potentials combined with
subsequent DFT optimizations. The enthalpy of formation of some
Vashishta models is even lower, but due to pronounced order and
formation of a hypothetical crystalline structure. Tersoff models
not only exhibit the highest formation enthalpy, but also show
substantial energy gain and structural changes during DFT
optimizations.

In conclusion, the MG2 potential is computationally efficient,
yields models with moderately low coordination defects and rea-
sonable values for the enthalpy of formation. The SG potential is
at least equally good, but requires more than twice as much CPU
time to generate models. Both potentials produce structures close
to the DFT ground state. Thus, we recommend that the MG2 and SG
potentials be used for future work in modeling of amorphous Si3N4,
whenever a reasonable description of the atomistic structure is
important.

Appendix A. Functional form of inter-atomic potentials

A.1. Tersoff potential

The total energy of the system is given by the sum of the site-
energy Ei of n atoms.
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The total energy, E, is the difference between attractive (fA) and
repulsive (fR) components, which are both functions of the inter-
atomic separation rij. The term fC is a cut-off function that limits
the range of the potential to nearest-neighbors. The attractive term
(fA) is modified by the bond-order term, bij, which impacts the
‘‘bond strength” based on the environment and accounts for
three-body interaction between atoms. It is defined as:
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The term 1ij defines the effective coordination number of atom i,
that is, the number of nearest neighbors, taken into account the
relative distance of two neighbors, rij - rik, and the bond-angle, h.
There are 13 parameters to be fitted: A, B, k, l, R. S, b, n, c, d, h,
v and x The parameters vij and xij address bond polarity in
hetero-atomic bonds. For hetero-atomic systems the following
mixing rules are used:
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For Si we use the parameters originally designed by Tersoff in
1989 (Table A1). For N, we use 5 different parameter sets – 001-
1, 001-2, 002-1, mat and BM (included in Table A1 in section Inter-
atomic Potentials).

A.2. Marian-Gastreich two-body potential (MG2) [27]

In the MG2 potential, the total energy of the system, ESi-N, is
given as a summation of 3 two-body interactions:
ESi"N # EN"Si & ESi"Si & EN"N . The Morse potential describes both
attractive and repulsive interactions between Si and N atoms.
Atoms are considered non-charged and columbic repulsions
between like atoms, i.e., NAN and Si-Si are reproduced by short-
ranged exponentially damped 1/r-type potentials. This columbic-
like potential is named as ‘‘General Potential”.

EN"Si # Morse # De 1" e"a$r"r0%2 " 1
n o
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Finally, attractive damped dispersion forces of Tang-Toennis
model are introduced to define NAN van der Waals forces in a lay-
ered system [52].
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At large interatomic distances all two-body potentials are
tapered to zero between an inner (xi) and an outer (xo) cutoff

radius by multiplying the two-body potential energies by a fifth-
order polynomial, P5. Therefore the energy and its first and second
derivatives with respect to the inter-nuclear coordinate remain
continuous. The functional form of P5 is:
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The various parameters of the Marian-Gastreich 2 body
potential are given in Table A2.

A.3. The Marian-Gastreich three-body potential (MG3) [28]

The Marian Gastreich three-body potential, MG3, is a summa-
tion of two-body repulsive Columbic, repulsive Buckingham and
attractive damped dispersion potential with the addition of the
three-body Stillinger Weber (SW) potential. The SW term applies
only to NASiAN configurations only. All two-body forces are
tapered to zero using fifth-order polynomial smoothing functions,
thus ensuring their continuity. Unlike MG2, this potential is
charged.

For SiN systems, the potential is defined as ESiAN = ENASi +
ESiASi + ENAN. The analytical forms for each of these two and three
body potentials along with the parameters are summarized in
Table A3.

A.4. The Vashishta potential (V) [22]

The Vashishta potential contains both two-body and three-body
terms. Unlike the Tersoff and MG2 potential, the atoms carry effec-
tive charges. The two-body terms in the potential is a sum of 3
terms – (1) steric repulsion between ions, (2) long-range screened
Coulomb repulsions to account for charge-transfer effects between
ions, and (3) screened charge-dipole interactions due to electronic
polarizability of negatively charged ions. The three-body terms in
the potential include the effects of bond bending and stretching.
The analytical form of the potential is given below:
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Table A1
Tersoff potential parameter sets for Silicon atom [15].

Parameters Si

A [eV] 1830.8
B [eV] 471.11
k [Å!1] 2.4799
l [Å!1] 1.7322
b [10!2] 1.1 % 10!6

n 0.78734
c 10,039
d 16.217
h !0.59825
R (pm) 250
S (pm) 280

Table A2
Parameters of SiN system as defined by the Marian Gastreich two-body (MG2)
potential.

Potential Parameters (units) Values

NASi Morse De (eV) 3.88461
a (Å!1) 2.32660
r0 (Å) 1.62136

SiASi General A (eV Å) 177.510
q (Å) 0.63685

NAN General A (eV Å) 2499.01
q (Å) 0.36029

NAN Damped dispersion C6 (eV Å6) 16691.4
b6 (Å!1) 0.50328

P5 Tapering function xi (Å) 4.3
x0 (Å) 5.8

Table A3
Analytical expressions and parameters of SiN system as described by the MG3 potential along with units.

Potential Parameters (units) Values

NASi Buckingham E " Ae!r=q A (eV) 1319.23
q (Å) 0.266735

NASi Coulomb Taper E " qi
qj
f #r$ ' c(1! f #r$$) f #r$ " 6r5

r50
! 15r4

r40
' 10r3

r30
C (eV) !20.4023
r0 (Å) 2.6

NAN Buckingham E " Ae!r=q A (eV) 1168.10
q (Å) 0.344070

NAN Damped dispersion E = ! C6
r6 1! e!b6r

P6
k"0

#b6r$
k

k!

# $ C6 (eV Å6) 460.00
b6 (Å!1) 2.86875

SiASi Buckingham E " Ae!r=q A (eV) 105.19
q (Å) 0.591214

NASiAN E " A#cosh! cosh0$2 exp q
r12!rmax12

' q
r13!rmax13

h i
A (eV) 10.44
q (Å) 1.0
rmax12/13 (Å) 3.0
h0 (deg) 109.47

N Coulomb terms qN (a.u.) !0.7875
Si qSi (a.u.) 1.05

P5 Tapering function xi (Å) 6.00
x0 (Å) 8.00
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Attractive interaction Screened Coulomb repulsion

Dispersion interaction Phys. Rev. B 62 (2000) 3117

Glasses by melt quenching:

Crystalline Si3N4 is first equilibrated at 300K 
and then rapidly heated to 5000K.
The liquid at 5000K is equilibrated and then 
cooled down to 300K at constant rate in the 
NPT ensemble (zero pressure).

0 1000 2000 3000 4000
T (K)

10

11

12

13

14

15

sp
ec

ifi
c 

vo
lu

m
e 

(A. 3 /a
to

m
)

Cooling rate 102 K/ns

apparent glass transition 
𝑇! ≈ 2500𝐾

0 2 4 6 8 10
r

0

5

g(
r)

Si-Si
Si-N
N-N

Pair correlation function g(r) indicate an amorphous structure. 

0.2 0.3
N=ωt/2π

1

no
rm

al
ize

d 
str

ai
n

1

no
rm

al
ize

d 
str

es
s

0 1 2 3
N=ωt/2π

-0.04

-0.02

0

0.02

str
ai

n

-4

-2

0

2

4

6

str
es

s (
G

Pa
)

phase difference

Tensile oscillatory 
deformation

Dynamical Mechanical Spectroscopy (DMS) was performed
by imposing to the simulation box a sinusoidal tensile strain
εii (t ) = ε0 sin(ωt) in the i-direction (i = X, Y or Z), and
measuring the corresponding tensile stress along the same
direction, σii. The results were averaged over all the three
directions, and the frequency f = ω/2π was varied from 0.5
GHz to 1 THz. We fixed the amplitude ε0 = 0.01, such that
the deformation is in the linear elastic regime. A thermostat
was employed to maintain constant temperature conditions
and dissipate the heat produced during the deformation.

Mechanical losses, i.e. the quality factor, are
estimated from the stress-strain phase difference:

𝑄!" = tan 𝛿 =
𝐸′′
𝐸′

Previous works based on this approach have reported
remarkable agreement between simulation results
and experimental data on on Ta2O5.
(Phys. Rev. Research 1 033121 (2019),
Acta Materialia 201 1 (2020))
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Dissipation controlled by Rayleigh scattering at very high frequency. This behavior was
observed in several amorphous materials but missing in other high coordination number
glasses like SiC.

Apparent power-law behavior in the GHz range with an exponent 𝑛~0.13, similar to the
value reported for Ta2O5.

A slower quench from the liquid phase results in glasses with reduced dissipation. Yet,
this cooling rate effect is not strong.

Extrapolating the power-law frequency dependence to the experimentally relevant range
(𝑓 ≈ 1𝐾𝐻𝑧) results in 𝑸!𝟏 ≈ 𝟓×𝟏𝟎!𝟒, which compares well with the experimental
values measured recently in deposited Si3N4.

In the simulation range of frequency, dissipation in Si3N4 exhibits a behavior similar to
what observed in oxide glasses (Rayleigh scattering, power-law dependence on f).

For the slowest quenched glasses, losses are reduced with respect to Ta2O5 by a factor 2.

Via an extrapolation we estimate a value for mechanical losses at experimentally relevant
frequencies which is in good agreement with the experimental values measured in deposited Si3N4.

Next steps:
A microscopic characterization of the dissipation phenomenon.
Modeling of different sample preparation methods which “resemble” the experimental ones
(deposition?)
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