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Energetic materials appear in a wide range of industrial and defense applications such
as mining, construction, rocket propellant, design of munitions, etc. Understanding the
physical and chemical processes that result in phenomena leading to initiation is critical
for the safe development, usage, transport, and storage of high-performance energetics.

A long held belief is that shock energy induces initiation of an energetic
material through an energy up-pumping mechanism involving phonon scattering
through doorway modes. In Chapters 4 and 6, a 3-phonon theoretical analysis of
vibrational energy up-pumping in RDX is presented that considers possible doorway
pathways through which energy transfer occurs. The vibrational energy transfer is
modeled via 3-phonon scattering processes based on Fermi’s Golden Rule. Our results
indicate that the low frequency vibrational modes (below ~100 cm™) scatter less than
0.5% of the vibrational energy directly to the critical high frequency intramolecular

vibrations. In contrast, the mid-frequency modes between 457 and 462 cm™ and



between 831 and 1331 cm™ are the most critical for vibrational heating of the critical
intramolecular vibrations such as N-N stretching.

In Chapters 3 and 5, we examine the nature of thermal transport and how bond
strain and rotation carry heat in RDX. To draw the distinction between propagating and
diffusive carriers of heat, we compare the thermal conductivity estimates from three
microscale models: Phonon Gas Model, Cahill-Watson-Pohl formula, and Allen-
Feldman harmonic theory. We observed that due to a strong crystal anharmonicity,
diffusive carriers contribute to over 95% of the thermal conductivity in RDX. These
results indicate that van der Waals bonded organic crystalline solids conduct heat in a
manner more akin to amorphous materials than simple atomic crystals.

In Chapter 7, we perform a numerical experiment to investigate the effects of
stimulating different IR active vibrational modes on change in scattering rates, thermal
diffusivity, and conductivity in RDX. The stimulation of the vibrational modes is
performed one mode at a time using six different optical energy inputs (3 high intensity:
few eV, and 3 low intensity: tens of meV). Based on the results of this study, we identify
several vibrational modes stimulating which may lead to a substantial enhancement or

frustration of the heat transport properties in RDX.
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Figure A2.7 Computational cost for calculation of 3-phonon scattering rates in a
single unitcell RDX using 40 processors, and considering up to third nearest neighbor
for calculation of third order force constants (using ShengBTE) vs no. of kpoints in
the Brillouin Zone. The computational cost excludes the time taken to calculate the
second and third order fOrce CONSLANTS..........cevieiiriiiieriee e 163
Figure A3.1 Phonon Lifetimes calculated via fitting the modewise Spectral Energy
Density to a Lorentzian vs a Gaussian function. Use of Lorentzian results in a slightly
lower fitting error (norm error = 0.0402) against using a Gaussian (norm error =
0.0537). ettt ettt ettt ettt et nre s 164
Figure A3.2 Phonon Lifetimes calculated via fitting the modewise Spectral Energy
Density to a Lorentzian (considering only the Aj¢ terms) vs fitting to the complete
form of SED (considering both the Aj¢ and Bj¢ terms). Use of the complete
functional form of SED for fitting results in a slightly lower error (norm error =
0.0391) than fitting only Lorentzian to the SED (norm error = 0.0402). However,
since the difference is negligible, use of Lorentzian for fitting to SED is encouraged
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Figure A3.3 Phonon lifetimes calculated via fitting modewise SED to a Lorentzian
function. The comparison is done between use of central differencing vs finite
differencing schemes while minimizing the least square error between the Lorentzian
and the SED. The difference in errors is negligible, norm error = 0.0402 while using a
central difference scheme, and norm error = 0.0400 while using a forward
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Figure A3.4 Calculated Spectral Energy Density for branch no. 454 in RDX at 300 K.
The comparison of SED obtained via 3 different MD simulation conditions is shown,
(1) Timestep of 1 fs and equilibration time of 1 ns, (2) Timestep of 1 fs and
equilibration time of 10 ns, and (3) Timestep of 0.1 fs and equilibration time of 1 ns.
The results indicate that the resonant frequency and the overall SED obtained after 1
ns and 10 ns equilibration are similar (the difference in root mean square value of the
SEDs is ~15%) and the resulting phonon lifetimes are also similar. This suggests that
1 ns equilibration should be sufficient for RDX to capture the energy transfer
dynamics between the modes. The comparison of 1 fs vs 0.1 fs time-steps reveals that
although the linewidths of the two SEDs are similar however a minor shift in the
phonon mode frequency is observed (the difference in root mean square value of the
SEDs is ~23%). This could be due to the anharmonic effects which are neglected
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Figure A3.5 Comparison of phonon lifetimes obtained via SED fitting for three
different MD simulation conditions (1) Timestep of 1 fs and equilibration time of 1
ns, (2) Timestep of 1 fs and equilibration time of 10 ns, and (3) Timestep of 0.1 fs and
equilibration time of 1 ns. The difference between root mean square value of phonon
lifetimes calculated via (1) and (2) is ~20%, and the difference between (1) and (3) is
L0, et ar e nes 168
Figure A3.6 Spectral Energy Density for branch no. 100 in RDX at 300 K calculated
using the original eigenvectors (obtained via QHLD) compared against perturbed
eigenvectors (1%, 5% and 10% increase from the original eigenvectors). The results

indicate that the SED is insensitive to small inaccuracies that might be present in the
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eigenvectors due to QHLD approximation. The difference in the root mean square
value of the SED between original and perturbed eigenvectors is ~0.04% for 1%
perturbation, ~0.14% for 5% perturbation, and 0.10% for 10% perturbation in
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Chapter 1: Introduction

1.1 Introduction to Energetic Materials

Energetic Materials (EMs) are a class of materials that can release a large
amount of chemical energy per unit mass, stored in their molecular structure, upon
external stimulations such as heat, shock, or electric current [1, 2, 3,4, 5, 6, 7, 8]. EMs
generally are organic compounds whose molecular structure comprises nitro, azide,
hydrazide, etc., functional groups [9]. Examples of energetic materials are
Cyclotrimethylene-trinitramine ~ (RDX),  Triamino-trinitro-benzene  (TATB),
Octahydro-tetranitro-tetrazocine (HMX), Trinitro-toluene (TNT), Nitrocellulose-based
powders, etc. EMs appear in a wide range of industrial and defense applications such
as mining, construction, rocket propellant, design of munitions, etc. [10, 11, 12, 13, 14,
15, 16, 17, 18, 9]. Based on their application, energetic materials can be categorized as
explosives, propellants, and pyrotechnics. Explosives are materials that can release a
large amount of energy and exhibit large volume expansion in a short span of time (us
timescale). The large amount of energy output is achieved via a rapidly propagating
reaction through the whole material which is referred to as detonation. During
detonation, a shockwave propagates through the material resulting in compression of
material at the wave front, followed by an increase in temperature which further leads

to exothermic chemical reactions. The chemical reactions, in turn, result in an increase
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in temperature and pressure that can provide enough energy to sustain the propagation
of the shock through the material at supersonic speed. In propellants, the chemical
reactions result in a reaction wave propagating through the material at sub-sonic speed,
a few cm/s or m/s. They are also called low-explosives and the reaction process is
referred to as deflagration. In pyrotechnics, the chemical reactions produce light, color,
heat, smoke, and sound, and are often the ingredient for fireworks, airbags, etc. The
reaction propagation rate in pyrotechnics is slower, on the order of mm/s [19].
Understanding the physical and chemical processes that result in phenomena
leading to initiation is critical for the safe development, usage, transport, and storage
of high-performance energetics. However, the extreme reaction conditions, the small
length scale of reaction zones (nanometer to micrometer), and ultrafast reaction rate
(sub-picosecond to microsecond) make the experimental investigation difficult and
expensive. Computer simulations can offer a safe and convenient route for developing
an accurate understanding of the physical and chemical processes and can provide
essential information that is useful to experimentalists and engineers. In this thesis,
quantum mechanical calculations such as perturbation theory, and normal mode
decomposition, lattice dynamics, and molecular dynamics simulations are used to
investigate the role of phonons in nanoscale vibrational energy transfer from the low
frequency molecular translation modes to the high frequency intramolecular vibrations

which may result in phenomena leading to initiation in crystalline RDX.



1.2 Motivation?

Considerable efforts have studied the initial decomposition and initiation
mechanisms in EMs where mechanical energy input creates conditions in the material
that make it more susceptible to bond rupture and possible self-sustaining chemical
reactions. Early efforts to study the thermal decomposition route by Robertson
suggested that the primary reaction step involved the transfer of an oxygen atom from
the nitro group to a neighboring carbon atom followed by the elimination of CH20 and
N20 [20]. Based on the rapid initial production of NO2, Rauch et al. suggested that the
first step in the gas phase decomposition of RDX is the homolytic fission of the N-N
bond [21]. Other works have also suggested N-N cleavage and HONO elimination to
be more likely than other reaction routes such as C-N S-scission, oxygen insertion,
nitro-nitrite isomerization, etc. [22, 23, 24, 25, 26, 27, 28, 29, 30]. Based on electronic
structure calculations, barriers to N-N fission and HONO elimination are estimated to
be significantly lower than other mechanisms [31, 32, 33]. Between N-N fission and
HONO elimination, fission proceeds via a so called loose transition structure and is
entropically favored [34]. In a recent study by Schweigert who performed a
unimolecular dynamics simulation of RDX for a sampling temperature of 2000 K, N-
N fission was found to be the dominant reaction mechanism, especially above ~1250
K [35]. Bowden and Yoffe [36, 37, 38] showed that the bulk heating of the material in

shocked energetic crystals is insufficient to describe the initiation processes. As a

1 Portions of this chapter appear in the preprint: G. Kumar, F. G. VanGessel, L. B.
Munday, P. W. Chung, “3-phonon scattering pathways for vibrational energy transfer
in crystalline RDX”, J. Phys. Chem. A, 2021 [76]
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result, the concept of localization of energy into microscale regions, called hotspots,
near crystal defects and grain boundaries was developed [37, 39, 40, 41]. If the energy
generated at these hotspots due to the exothermic decomposition of the material
exceeds the energy that is dissipated due to thermal conductivity, then the
decomposition of the material continues. Subsequently, to explain the initial thermal
decomposition and the localization of energy, a mechanism of energy transfer via
multi-phonon up-pumping was postulated [42, 43, 44, 45]. This model assumed that
mechanical energy from the shock excites the low frequency phonons which results in
a rapid increase in their population. The energy from these low frequency modes is then
scattered into the mid-frequency modes, referred to as doorway modes, via phonon-
phonon scattering. The energy from the doorway modes is, in turn, transferred into the
high frequency intramolecular vibrations which are believed to increase the population
and energy of internal molecular vibrations beyond bond dissociation limits. This
picture of energy transfer meant that the mid frequency doorway modes are critical for
phenomena leading to initiation in energetics. The model was further extended by Dlott
and co-workers who studied terahertz excitation in molecular solids, measured by ps
timescale vibrational spectroscopy, and included a description of localization of energy
at crystal defects [46, 47, 48, 49]. Dlott et al. concluded that the rate of up-pumping of
energy depends on the number of doorway modes and the Gruneisen parameter values
which are indicative of the strength of anharmonic coupling between the modes [50].
For the up-pumping model for initiation to work, strong scattering must occur
among a) modes at the low frequencies close to the frequencies associated with

mechanical shock, b) the frequencies of the modes believed to serve as the doorway



modes, and c) the modes associated with the largest distortions of the bonds, so-called
vibrons, likely to possess dissociation energies which, when released, can sustain
exothermic reactions. Aubuchon et al. [51], in their work on modes that result in
asymmetric stretching of the nitro functional group (NO,) in TNAZ, RDX, HMX, and
CL-20, suggested that the relaxation of the intra-molecular vibrons occurs through a
pathway involving a combination of high frequency (> 400 cm™) modes. Other works
have also posited that the energy transfer process may occur through a direct route
simply due to the NN activity found in low frequency eigenmodes without intermediate
energy transfer or the involvement of doorway modes [52]. A definitive understanding
of multi-phonon mechanisms in energetic materials, therefore, is needed. It requires a
detailed determination of vibrational energy transfer of not only the relaxation behavior
of individual modes, but a complete picture of mode-to-mode scattering that may drive
energy through the intrinsic scattering network.

Much progress has occurred toward this goal motivated by early interest in the
relationship between vibrational energy transfer and sensitivity. To calculate the total
energy transfer rate into vibron bands, Fried and Ruggiero [53] derived a simple
formula in terms of the density of vibrational states and the vibron-phonon coupling,
which were calculated using existing inelastic neutron scattering data. They studied
TATB, y and g-HMX, RDX, Pb-styphnate, Styphnic acid, and Picric acid, and
observed that the estimated energy transfer rates in pure unreacted material are several
times greater in sensitive explosives than in insensitive explosives. Following Fried
and Ruggiero’s formula, Koshi and co-workers investigated a broad range of EMs

including PETN, HMX, RDX, Tetryl, TNT, FOX-7, ANTA, PN, NQ, and DMN, and



observed a good correlation of the energy transfer rates with the impact sensitivity [54,
55, 56]. Similar observations were made by Bernstein [57], Joshi et al. [58], and
McNesby et al. [59] who investigated the rate of energy transfer from the low frequency
phonons to the higher frequency vibrons. Aubuchon et al. used IR pump-probe
spectroscopy to show rapid relaxation (2 to 6 ps time scale) of the asymmetric
stretching mode of the nitro functional group (NO,) of several molecules used in
TNAZ, RDX, HMX, and CL-20 [51]. Ostrander et al. also used IR pump-probe
spectroscopy to study the asymmetric stretching of the nitrate ester groups in PETN
thin films and observed a 3.7 ps decay, attributing this decay to rapid energy transfer
due to intermolecular vibrational coupling [60]. Numerous other works have explored
the role of various crystal distorting modes in the transfer of energy in EMs [52, 61, 62,
63, 64, 65, 66, 67]. These works provide useful insights into the phonon modes which
can be critical in phenomena leading to initiation and have motivated investigation of
the critical bond stretching and bending modes.

A significant challenge in the development of a complete phonon picture of up-
pumping has been the lack of a quasiparticle model that accurately accounts for third
(and higher) order terms in the Hamiltonian vis-a-vis Fermi’s Golden Rule [68] across
a larger range of the Brillouin zone. But with the perpetual development of advanced
computational architectures, efforts have been made to calculate the anharmonic
phonon properties more accurately to model the energy transfer between the vibrational
modes. Early efforts were based on approximations to the anharmonic terms that made
it possible to overcome the computational costs at the expense of making it difficult to

generalize the consideration of distinct phonon modes. Hooper developed a parametric



expression for transition probabilities for nitromethane, RDX, and HMX that require
assumptions including the Single Mode Relaxation Time Approximation (SMRTA),
the applicability of Debye’s model for the pDOS (phonon Density of States), the
occupation numbers being independent of frequency, and that only modes of equal
frequency can scatter [69]. Long and Chen calculated phonon-phonon scattering rates
in TATB by developing a stress-frequency relationship as a means of representing
anharmonic effects without the high computational cost of a 3-phonon scattering
Hamiltonian [70]. Michalchuk et al. studied the sensitivity of a wide range of EMs
using a 3-phonon scattering model derived from Fermi’s Golden Rule (FGR) [71]. This
work was built on the so-called average anharmonic approximation [72], which reduces
computational cost by assuming that all elements of the cubic anharmonic matrix V(3
are equal. Recently, however, estimates of thermal properties based on quasiparticle
models have shown that a more complete representation of carriers in the Brillouin
zone may be necessary for the accurate modeling of phonon mechanisms. Kumar and
coworkers showed that the thermal conductivity of energetic crystals like RDX can be
dominated by non-acoustic carriers, which constitute the majority of the phonon modes
[73], and that modes outside of the acoustic bands can contribute substantially to NN
and other intramolecular bond distortions [74, 75]. These observations suggest that the
use of approximations that otherwise reduce the complexity of the rich set of optical
modes in these materials may omit important contributions from a large number of

modes to the transfer of vibrational energy.



1.3 Research Outline

In this dissertation, we present a computational investigation of the role played
by phonons in determining important thermodynamic properties such as thermal
diffusivity, conductivity, rate of vibrational energy transfer to the high frequency
intramolecular vibrations, etc. in RDX. An accurate understanding of these properties
can reveal the key physics necessary for the safe development of energetics and can
provide insights into controlling the behavior of these highly sensitive materials. The
results of this study were published in [75, 73, 74, 76].

In Chapter 3, we present the computational details for obtaining the minimum
free energy structure of RDX at finite temperature and calculation of the harmonic
phonon properties such as phonon mode frequencies, group velocities, and modewise
specific heat which are essential ingredients for estimating the amount of vibrational
energy stored in the phonon modes and the rate of transmission of vibrational energy
between phonon wave packets. We also present a harmonic-oscillator based model for
calculating the contribution of the phonon modes to the stretching and rotation of the
bonds and bond angles in RDX.

Phonon lifetimes indicate the strength of anharmonic interaction between the
phonon modes and are an essential ingredient for assessing the nature of thermal
transport (diffusive vs. ballistic) in the material. In Chapter 4, we present two different
techniques for calculating the anharmonic phonon-phonon scattering rates and
lifetimes: 1) A quantum mechanical theory called Fermi’s Golden Rule (FGR), and 2)
A lattice dynamics based Normal Mode Decomposition (NMD) method. Fermi’s

Golden Rule is a fully quantum mechanical theory that provides an estimate for the
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probability of transition from an initial quantum state i to a final quantum state f. This
transition probability is used to calculate the 3-phonon scattering rates and phonon
lifetimes. In contrast, the NMD technique models the fluctuations in phonon
population, the ingredients for which are obtained from a classical Molecular Dynamics
(MD) simulation. Although, only the first order anharmonic term of the Hamiltonian is
used in the FGR technique and the MD captures all higher order crystal
anharmonicities, however, the FGR technique enables the calculation of energy transfer
between individual modes in the system via quantum mechanical transitions such as
emission and absorption processes and therefore can provide a more detailed picture of
the vibrational energy transfer between the phonon modes.

To develop an understanding of hotspot formation and its growth, it is crucial
to understand how much heat is stored and dissipated out of the hotspot regions due to
thermal conductivity. In Chapter 5, we evaluate three thermal conductivity models,
namely the Phonon Gas Model (PGM), Cahill Watson and Pohl (CWP) model, and
Allen and Feldman (AF) model. We assess the accuracy of these models in estimating
the thermal conductivity of RDX by comparing them with values obtained from Green-
Kubo molecular dynamics (GK-MD) [94]. Analysis of the phonon linewidths and
lifetimes indicate that RDX is a highly anharmonic crystal which results in a breakdown
of the PGM due to a breakdown of the Peierls picture for thermal transport [77]. Allen-
Feldman harmonic theory provides the most accurate thermal conductivity estimate
(within 6.4% of the GK-MD estimate) indicating that the diffusive mechanism of heat

transport is dominant in RDX.



The overarching problem statement of this work is to understand the pathways
for vibrational energy transfer in energetics via which the shock energy gets transferred
from the long wavelength external vibrations (acoustic waves and molecular
translations) to the short wavelength intramolecular vibrations which may result in the
fission of bonds and initiate the thermal decomposition of the material. In Chapter 6,
we break down the 3-phonon scattering rate terms obtained from FGR to calculate
mode-to-mode scattering rates. The mode-to-mode scattering rates are investigated to
identify the modes that are responsible for the majority of energy transfer into or out of
any particular mode of interest. This investigation provides a detailed picture of the
possible pathways for vibrational energy up-pumping from the low frequency lattice
vibrations to the critical N-N stretching modes. Based on the results, an indirect
mechanism of vibrational energy up-pumping is proposed where the energy from the
low frequency modes must get transferred to the mid-frequency doorway modes which
then further up-pump the energy to the high frequency intramolecular vibrations.

The harmonic properties such as phonon mode specific heat and group
velocities, and anharmonic properties such as scattering rates and mode-to-mode
scattering rates can provide a detailed picture of how vibrational energy is carried and
gets transferred between different modes in energetic materials. This information can
be exploited to understand how changing certain phonon properties such as phonon
occupation may affect the physical properties like thermal diffusivity, conductivity,
etc., and therefore can provide insights into controlling the behavior of energetics. In
Chapter 7, we perform a numerical experiment to investigate how stimulating certain

IR active modes can affect the heat transport properties in RDX. The stimulation of
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vibrational modes is performed one mode at a time and the corresponding change in 3-
phonon scattering rates is estimated using the perturbation theory (also known as
Fermi’s Golden Rule) under Single Mode Relaxation Time Approximation.
Subsequently, modewise thermal diffusivity and conductivity are calculated using the
Phonon Gas Model. The stimulation of each IR active mode is performed using six
different optical energy inputs (3 high intensity: few eV, and 3 low intensity: tens of
meV). The effect of mode stimulation is measured by calculating average values of
percent change in modewise properties. Finally, we identify three best cases when
stimulating an IR active mode in RDX can result in the largest increase/decrease in
thermal diffusivity and conductivity which can potentially result in a substantial

decrease/increase in the sensitivity of the energetic material.
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Chapter 2: Background

In this Chapter, we discuss the theory of crystal structure and phonons, and
computational details for calculating harmonic phonon properties that are essential
ingredients for understanding the nature of heat transport in energetics.

For electrical insulators (majority of energetic materials) and semiconductors
(Si, Ge, etc.), the thermal energy is conducted through the material primarily via
coupled vibrations of atoms and molecules, and the contribution of electrons to the
thermal conductivity can be neglected. In particular, in crystalline materials, the
collective vibrations of atoms and molecules result in lattice waves, called phonons,
propagating through the material and are the primary thermal carriers.

On a continuum level, Fourier’s Law provides an accurate description of the
heat flux in the material which assumes that thermal transport in the system is diffusive
in nature, i.e., the mean free of the thermal carriers (phonons) is smaller than the
material length scale (often orders of magnitude smaller). However, such descriptions
break down on length scales comparable to the size of the molecules (few Angstroms),
crystal unitcell size (~1 nm), or mean free path of phonons (up to hundreds of
nanometers), where heat transport is primarily ballistic i.e., mean free path of the
thermal carriers is larger than the material dimension. Therefore, accurate modeling of
phonons is required to describe the transport of thermal energy at such small length

scales.
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2.1 Crystal Structure

A perfectly crystalline solid consists of an infinitely periodic repetition of an
identical group of atoms. The group of atoms is called the basis. The points in the three-
dimensional (3D) space to which the basis is attached are called the lattice points. Due
to the periodic nature of the arrangement of basis in a crystal, the lattice in 3D may be
defined by three translation vectors denoted by a4, a,, a3 such that the arrangement
of atoms in the crystals is indistinguishable when viewed from a point r as when
viewed from a point r’ translated by an integer multiple of the translation vectors.

r'=r+ua +ua, +uzaz 1)
Here u,, u, and u5 are arbitrary integers. The choice of the smallest vectors a4, a,, as
for which the arrangement of atoms in the crystal looks the same when viewed from r
and r’ are called primitive translation vectors, or lattice vectors. The angles between
the lattice vectors are represented by «, 5, and y.The parallelopiped defined by the
primitive translation vectors is called a primitive cell or a unitcell. The volume of the
unitcell (V) is given by

V=la, - a; X ay| (2)

2.2 Fourier Analysis

The periodicity of atoms in a crystal means that any local physical property of
the crystal, such as charge concentration, electron number density, magnetic moment
density etc. is invariant under any translation of the form T = u;a; + u,a, + uzas;.

For any physical property n(r), this can be represented by
13



n(r)=n(r+T) (3)
This periodicity of the lattice makes it ideal for Fourier analysis. For simplicity, in one
dimension, the Fourier expansion of any arbitrary function n(x) for a lattice with a
translation vector |a;| = a can be written as

2mpx

n(x) =ny + z [Cpcos (27:1px + 27Tp> + S, sin( + an)] (4)

Where p are positive integers, and C,, and S, are Fourier coefficients. mep is referred to

as a point in the Fourier space or reciprocal space of the crystal. In 3D, Eq. (4) can be

written as

n(r) = Z ng e )

G

where G is a set of vectors such that n(r) is invariant under all crystal translations T.
For a crystal with lattice vectors a4, a,, a3, G is given by

G = v,by +v,by + v3b3 (6)
where v;, v,, v; are integers and b4, b,, b3 are primitive vectors of the reciprocal

space and are defined as

a, X as as; X a4 a; X a,
by =2 ) b, =2 ) b; =2
1 7T v 2 T v 3 T v

(7)

where V = |a, - a, X as]| is the unitcell volume. The reciprocal lattice of the primitive

cell is also called the Brillouin Zone. For an orthorhombic crystal where the lattice

vectors can be definedasa; = a; X,a, = a,yandaz = a; z,anda = =y = 90°,
—2n

. . 2T ~ ~ 2T .
the reciprocal lattice vectors are by = a—” X, by = —y and b; = a—” Z which form an
1 2 3

orthorhombic reciprocal lattice [78].
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2.3 Crystal Vibrations

To analyze the motion or vibration of atoms in a crystal, we begin with a simple
one-dimensional (1D) linear chain of equally spaced identical atoms, with one atom in
every unitcell. The boundary of the unitcell is denoted by the dashed lines as shown in
Figure 2.1. Assuming that all atoms behave as a harmonic oscillator where the elastic
response of the crystal is a linear function of forces, the total force on any atom s can
be calculated as

Fs = K(ugyq —ug) + K(ug_q — uy) 8
where K is the spring constant (also referred to as the second order force constant) and
u, represents the displacement of the s*" atom. The equation of motion for st* atom

can be written as

d?ug
M o K(ugpq + us_q — 2uy) )
2
where M is the mass of the atom. This is a differential equation of the form i;s =

—w?u,, where w is the harmonic oscillation frequency. This differential equation has
a traveling wave solutions of the form [78]

Ugpg = U piska ptika (10)
where u is the atomic displacement having time dependence e it , a is the inter-atomic
spacing and k is the wavevector. Substituting Eqg. (10) into Eq. (9), we obtain the

dispersion relation w (k)

2K 4K 1
2 _ 2" — = __sipn2= 11
w o (1 —coska) M sin 2ka (11)
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For simplicity, assuming K = M = a = 1, the plot of dispersion relation is shown in

Figure 2.2.

s—1 lLo—————- s+2 s+3

Figure 2.1 Schematic of a one-dimensional linear chain of equally spaced identical
atoms behaving as harmonic oscillators. The stiffness of the spring represents the
second derivative of the interatomic interaction energy (force constant K) that
determines the oscillation frequency. The dashed line represents the boundary of

unitcell boundary.

Oscillation Frequency, w

Wavevector k

Figure 2.2 Dispersion relation for a linear chain of equally spaced identical atoms

shown in Figure 2.1, assuming unit mass (M), force constant (K) and interatomic

spacing (a).
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2.3.1 Group Velocity

The transmission velocity of a wave packet is called the group velocity (v,)

which is obtained from the dispersion relation as

_dw

9= Ik (12)

v

This represents the velocity at which the vibrational energy of the wave packet travels
in the material. For the 1D chain of equally spaced identical atoms, the group velocity

is

vy = <7> coszka (13)

The group velocity is zero at k = Z i.e., we have a standing wave at the edge of the

Brillouin zone and the only mechanism for the transmission of vibrational energy is via
interaction of these lattice waves with other lattice waves (scattering of lattice waves

or phonons is discussed in detail in Chapter 4).

2.4 Phonons

The energy of the lattice vibrations contained in wave packets is quantized and
the quantum of energy is called a phonon. The energy of a vibrational mode with
frequency w is given by

E, = (nw + %) ho (14)
where # is the reduced Planck’s constant, Aw is the energy of a single phonon, n, is

the number of phonons that occupy the energy level Aw, and %hw is the zero point
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energy which is the lowest possible energy that a quantum mechanical system may
have. A crystalline material consisting of N atoms has a total of 3N degrees of freedom
which result in a total of 3N vibrational modes or phonon modes. In real materials, N
is a very large number (~1023) and the calculation of physical properties such as
thermal conductivity requires integrating the material properties over the entire real
space (0 — oo). For the purpose of computation, instead of calculating the physical
properties in the real space, the properties can be calculated in the reciprocal space by
simulating only a single unitcell with a large number of wavevectors sampled
throughout the Brillouin zone. The advantage of using the reciprocal space for
calculations is that it reduces the limit over which the integral is calculated, for instance,

the same integral from zero to infinity in real space can be transformed into an integral

from zero to al in the reciprocal space. If the unitcell contains n atoms, it results in a
1

total of 3n phonon branches, and the total number of phonon modes is equal to 3n X n;
where ny, is the number of wavevectors. Thus, every phonon mode in the system can
be identified uniquely with a phonon branch number (1 to 3n) and a wavevector (1 to

n;). In this work, we use the symbol ¢ to index the phonon modes, where ¢ € (ny, 3n).

2.4.1 Phonon Specific Heat

In this Section, we discuss the computational details for the contribution of the

phonon modes to the lattice specific heat. The heat capacity at constant volume is

definedas C = (Z—:) where the U is the total internal energy defined as U = Ug¢gic +
14

Uphonon and T is the temperature. Ug.qs;c accounts for the energy due to two-body,

three-body, four-body, etc. interactions defined as Uggric = Yneq U; +
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%Z?’zlz’i"zl Upj + Yo XL 2, U jx + -+, and is independent of temperature. The
contribution of the phonons to the internal energy can be obtained by summing the

energy of all phonons in the crystal which is given by

Uphonon = z Ey = Z ng hwg (15)
s 3

where ng is the equilibrium occupancy of the phonon mode ¢, and w is the phonon
mode frequency. To derive the expression for ng, we consider a set of identical

harmonic oscillators in thermal equilibrium where the ratio of the number of oscillators

hw

in the (n+ 1) state to the n' state is given by % =e KT, where K, is the

Boltzmann constant, and N,, is the number of oscillators in the n‘* quantum state. The

fraction of oscillators in the n™ state can be calculated as

_nhw
N, e KoT
s= ] KT
s=0€ 7P

Using Eqg. (16), the average/expected number of oscillators at energy level hw can be

calculated as

_sho
(Mhe) = ———— 17)

R

X
YsSx5 _ (1-x)2

The expression in Eq. (17) is of the form S wy and can be rewritten to obtain
s -

the phonon occupation of mode ¢ with energy fiwy, as
1

(Mhwg) =Ny = 5, (18)
ekl —1
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The phonon occupation calculated in Eqg. (18) is also called Bose-Einstein (BE)
statistics or BE distribution or Planck’s distribution. A plot of phonon mode occupation
with respect to phonon mode frequency at T = 300 K is shown in Figure 2.3.
Substituting Eqg. (18) into Eg. (15)
1
Uphonon = Z hwy —o—— (19)
¢ eknT —1
In real materials, on continuum scale, with over 1023 atoms and therefore an almost
infinite number of phonon modes, the summation in Eg. (19) can be written as an

integral. If the system has D(w¢) dw modes in the frequency range wy 0 wy + dw,

the phonon energy can be written as

hw
¢
Uphonon = LD((‘)qﬁ) W dw (20)

efrT —1
where the integral is over all phonon modes throughout the Brillouin zone. The function

D(wy) is called the density of modes or density of states (DOS). Differentiating Eq.

(20) with respect to temperature, the phonon specific heat C,, = % is given by

C—beD( ey 21
VY, N ez (21)

hw . . . .
where x = K—:, and V' is the material volume. For the purpose of computer simulation
b

where the length scales are small and the wavevectors can be represented as discrete
points, the phonon specific heat is calculated as a sum over all modes

K, x%e*

Cy = _—
V x_12
¢(e )

(22)

The contribution of any mode ¢ to the lattice specific heat can be calculated as
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C _ ﬁ hw¢ 2 em
ve =y \k,T hag 2 (23)

1E4

1E3

1E2

1E1

Phonon Occupation, ng

1EO

0 100 200 300 400 500 600 700 800 900 1000
Phonon Frequency, wg (cm™)

Figure 2.3 Phonon mode occupation vs frequency calculated using Bose-Einstein
statistics at T = 300 K. The phonon occupation decreases exponentially as the phonon
mode frequency increases. A small phonon occupation is one of the factors for the
relatively small contribution of the high frequency modes to the phonon specific heat,

scattering rates and lattice thermal conductivity as discussed in the later chapters.

2.4.2 Crystal Anharmonicity

The theory of lattice vibrations discussed so far considers only up to the
harmonic term of the crystal Hamiltonian. The harmonic theory is limited to the terms

quadratic in the interatomic displacements and is unable to explain phenomena such as
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thermal expansion, interaction between lattice waves, finite lattice thermal
conductivity, etc. [78]. The higher order terms in the Hamiltonian, also called the
anharmonic terms, must be considered to accurately depict the interatomic interactions
and explain the above phenomena [79].

Due to the crystal anharmonicity and anharmonic interaction between the
phonon modes in the system, the crystal has a finite thermal conductivity. From the
kinetic theory of gases [80], the scalar thermal conductivity of the material (k) is

calculated as [79, 77, 81, 82]

1
K=§CVUA (24)

where v is the average particle velocity, A is the mean free path of the particle between

KyxtKyyt+iz;

collisions, and the scalar thermal conductivity is defined as k = , Where K.,

Ky, and k,, represent thermal conductivity along three crystallographic directions.

Similarly, the contribution of phonons to the lattice thermal conductivity tensor can be

written as [77, 79, 83]
K= Z Cvp Vgp Ao (25)
¢

where Cy is the phonon mode specific heat, v 44 is the phonon mode group velocity
and A is the mean free path of a phonon ¢ between collisions. The expression in Eq.
(25) is also called the Phonon Gas Model (PGM) and is one of the prevalent models for
estimating lattice thermal conductivity in simple crystals like Si, Ge etc. [84, 85, 86,
87, 88, 89, 83]. The phonon mean free path is determined by scattering of the phonon
with other phonons, crystal boundaries, isotopes, electrons etc. The details of phonon-

phonon scattering is discussed in Chapter 4.
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2.5 RDX Crystal Structure

Cyclotrimethylenetrinitramine (C5;HgNgOg, also commonly known as RDX) is
an organic compound which has high energy density and low sensitivity to external
stimuli, making it suitable for use in various military and industrial applications as a
secondary explosive (SE). A single RDX molecule contains 21 atoms (3 Carbon atoms,
and 6 atoms of Hydrogen, Nitrogen and Oxygen each) shown in Figure 2.4, and under
ambient conditions, RDX exists in a crystalline « phase [90]. The a phase RDX
exhibits an orthorhombic Pbca crystal structure (lattice parameters a; # a, # a3, a =
B =y =90°) and a single unitcell contains 8 RDX molecules resulting in a total of
21 x 8 = 168 atoms in the unitcell [91] shown in Figure 2.5. This results in a total of
3 X 168 = 504 phonon branches, which is one to two orders of magnitude larger than
most simple crystals [92, 87, 93, 94, 95, 96, 97, 98, 99].

At zero Kelvin, the total energy of a group of atoms or molecules comprises of
two-body, three-body, etc. interactions between the atoms (Usq:ic) @S shown in Eq.
(26). In real materials, the atoms and molecules arrange themselves such that the total
energy of the system is minimized. This is referred to as the equilibrium structure of
the material. The zero Kelvin equilibrium structure of RDX is obtained by minimizing
the internal energy using a quantum-chemistry based flexible molecule force field
developed by Smith et al. [100, 90, 101]. The estimated equilibrium lattice parameters
and components of energy in RDX after energy minimization using a uniform
8 X 8 x 8 k-points mesh are shown in Table 2.1 and Table 2.2. The fractional atomic

coordinates (fraction of the lattice parameters) of the atoms in the first molecule of
23



RDX unitcell are shown in Table 2.3. The calculation details of the minimum free

energy structure of RDX at finite chapter are discussed in Chapter 3.

v

RDX molecule

Figure 2.4 A single molecule of RDX containing 3 Carbon atoms and 6 atoms of

Hydrogen, Nitrogen and Oxygen each (C3HsNeOs).

a-RDX unitcell

Figure 2.5 oRDX unitcell (orthorhombic, a; #a, #as;, a=LF =y =909
containing 8 RDX molecules and therefore 168 atoms in the unitcell. This results in a

total of 3 x 168 = 504 phonon branches.
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a; (Ang)  a, (Ang) as (Ang) «(deg) p(deg) y(deg)  Volume
(Ang®)

13.010441 11.423369 10.569626 90 90 90 1570.890390

Table 2.1 Estimated lattice parameters of RDX unitcell at 0 K after minimizing internal

energy using a quantum chemistry based flexible molecule force field [100].

Interatomic 3-body 4-body Monopole- Total lattice
potential potential potentials Monopole energy

-4.18064574 24.04555906 4.09723264 77.96051924 101.92266520

Table 2.2 Components of energy after internal energy minimization of RDX unitcell at

0 K using a uniform 8 x 8 x 8 k-points mesh (units of eV).

Fractional Atomic Coordinates

Atom No. Atom Type
X y z
1 C 0.183902 0.357802 0.440004
2 C 0.059865 0.226658 0.329309
3 C 0.155945 0.370542 0.206586
4 N 0.179568 0.430357 0.325849
5 N 0.093932 0.281029 0.447739
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6 N 0.059001 0.307043 0.221144
7 N 0.242148 0.530872 0.321648
8 N 0.017448 0.308799 0.53719
9 N 0.971619 0.379902 0.215169
10 @) 0.253285 0.579796 0.218516
11 @) 0.279624 0.565224 0.422152
12 @) 0.935925 0.254066 0.532099
13 @) 0.03896 0.379523 0.621304
14 @) 0.892706 0.346637 0.268831
15 @) 0.977736 0.46939 0.150427
16 H 0.251075 0.300406 0.433688
17 H 0.192807 0.411553 0.525067
18 H 0.986859 0.179579 0.339157
19 H 0.117085 0.160237 0.307561
20 H 0.216611 0.306396 0.187648
21 H 0.152888 0.430016 0.125177

Table 2.3 Fractional atomic coordinates (fraction of lattice parameter) of atoms in the
first molecule of RDX unitcell obtained after internal energy minimization using

uniform 8 x 8 x 8 k-points mesh.
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Chapter 3: Harmonic Phonon Properties and Bond
Distortion Behaviors in RDX?

The harmonic properties of phonon modes such as frequencies or eigenvalues
(wgy), eigenvectors (ey), group velocities (vg4), occupation (ng), specific heat (Cyg)
are essential ingredients for determining the vibrational energy stored in the modes, the
rate of transmission of vibrational energy, contribution of the modes to the stretching
and rotation of bonds etc. The computational details and estimates of harmonic phonon

properties in RDX are discussed in this chapter.

3.1 Minimum Energy Structure

At finite temperature, in addition to U4t @S Shown in Eq. (26), the total
energy of the system also comprises of the energy due to vibrations of the atoms and
molecules (U,;;) as shown in Eq. (27). In this section, we discuss the computational
details for calculating the minimum energy structure for RDX.

Using the minimum energy equilibrium structure of RDX calculated at zero
Kelvin in Section 2.5 as the initial configuration, the crystal structure of RDX at finite
temperature is then calculated using the open source package GULP [102] which

minimizes the Helmholtz free energy A = Uggtic + Upip — TSyip under the quasi-

2 Portions of this Chapter appear in G. Kumar, F. G. VanGessel, P. W. Chung, “Bond Strain and
Rotation Behaviors of Anharmonic Thermal Carriers in @ -RDX”, Propellants, Explosives,
Pyrotechnics, vol. 45, 2019, p. 169-176. [74]
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harmonic approximation (Quasi-Harmonic Lattice Dynamics or QHLD), which
assumes that the vibrational frequencies can be determined as if the atoms are vibrating
harmonically while the lattice parameters are adjusted to minimize the free energy
[103]. Here Ugqeic 1S the static internal energy that would be calculated in a
conventional energy minimization, U,;, is the vibrational energy, T is the temperature

and, S,;p 1s the vibrational entropy defined as follows:

N " N N N N N
Ustatic = Ui +§ZZ Uyj + Zzz Upjre + (26)
i=1 i=1 i=1 i=1 i=1i=1
1
Uvib = Z (Tl¢ + E) fl(;.)(p (27)
¢
dInZz,;
Sy, = RInZ,;, + RT (a—T””’) (28)

-1

hw
2o = Z <1 _ (Wi) (29)

¢

Here Z,;, is the vibrational partition function, R = 8.314 ] -mol™1-K~1 is the
universal gas constant. The first term in Eq. (26) represents the self-energies of the
atoms, the second term represents the pairwise interactions and so on.

The free energy minimization calculation is performed for a single RDX
unitcell and a uniform 6 X 6 X 6 = 216 k-points mesh (wavevectors) resulting in a
total of 504 X 216 = 32,256 phonon modes. The temperature dependence of the
lattice parameters is shown in Figure 3.1. The lattice parameters calculated in this work
are in good agreement with the experimental values reported in [104, 105]. For

instance, the estimated lattice parameters are within 0.3% of the experimental values
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reported by Sun et al. [104]. The finite temperature phonon mode frequencies (wg) and

eigenvectors (ey) are also determined using GULP. The temperature dependence of

. / Tpwh .
the RMS value of phonon mode frequencies calculated as wfMS = s R B
no.of modes

shown in Figure 3.2 indicating phonon softening (decrease in phonon frequencies due
to a decrease in harmonic force constants) as the temperature increases. The phonon
density of states for the modes in RDX at 300 K is shown in Figure 3.3. The phonon
dispersion for all 504 branches in RDX from wavevector I' (0,0, 0) to X(0.5,0,0) is
shown in Figure 3.4 and the phonon dispersion surface w (ky, k,,) for first three phonon
branches (acoustic branches) are shown in Figure 3.5, Figure 3.6. and Figure 3.7
respectively. A large density of states is observed in the dispersion curve at low
frequencies indicating a large number of thermal carriers and possibly a substantial
contribution of these low frequency modes to the thermal transport in RDX. The
density of states is also important to consider while investigating the anharmonic
interaction between the phonon modes as discussed in Chapter 4. The six elastic
constants in RDX at 300 K are shown in Table 3.1. The results are in good agreement
with the experimental values [106, 107] indicating the accuracy of the force field [100]

to capture the harmonic interactions in RDX.

The x, y, z components of the phonon mode group velocities (vg¢ = dg%) are
calculated using the following central differencing scheme:
o dwgp _ wg(ky + Ak, ky, k) — 0y (ke — Ak, ky, k) (30)
99x = gk, 20k
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dwy  ws(keky + Ak k,) — wg (ke ky — Ak, k,)

= 31

Yooy = gk, 20K Gl

N dog _ wg (ky ky k, + Ak) — wy(ky, ky, k, — AK) (32)
9%z = (k, 20k

where ky, k, and k, are x, y and z components respectively of the wavevector k and
Ak is a small perturbation. In terms of the fraction of the reciprocal lattice vector, Ak =

1073 is used in this work to calculate the group velocities (k = (0.5, 0.5, 0.5) refers to

the edge of the Brillouin zone i.e. (1, = 1) ).

a; az ’ as

@ al This work a2 This work a3 This work
al Sun et al a2 Sun et al a3 Sun et al
14 + al Bolotina et al + a2 Bolotina et al + a3 Bolotina et al
13.5
13 0..000000.00’0'05"...
E 3
%12.5 3
g
2 12
3]
© .
_;11.5 .....ooooto
3
=1l
10.5 0% @ % % & P ele D B
10 1 1 1 1
0 100 200 300 400

Temp (K)

Figure 3.1. Temperature dependent lattice parameters in RDX calculated via Helmholtz
free energy minimization in GULP. The results are in good agreement with the
experimental values reported by Sun et al. [104] and Bolotina et al. [105]. For instance,
the lattice parameters a,, a,, a; at 300 K calculated in this work are within 0.31%,

0.14% and 0.30% respectively, of the values reported by Sun et al. at 303 K.
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Figure 3.2 Temperature

calculated using QHLD.
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dependence of phonon mode frequencies (w?™%) in RDX

As temperature increases, the second order force constants

become smaller resulting in lower phonon mode frequencies (phonon softening).
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Figure 3.3 Phonon density of states in RDX at 300 K. The low and mid-frequency

modes below ~600 cm™ have very high density of states which serves to provide a large

number of phonon-phonon scattering channels as discussed in later chapters. Large
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gaps in DOS indicates the gaps in phonon dispersion spectrum which limits the

anharmonic interaction between the phonons in these bands.
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Figure 3.4. Phonon Dispersion in RDX for up to 90 THz from wavevector I" (0,0, 0)
to X(0.5,0,0). Different colors represent different phonon branches. A large density
of modes is observed at lower frequencies and large gaps are present between different

phonon branches, especially at higher frequencies.
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Figure 3.5. Phonon dispersion surface w(ky, k,,) for the first acoustic branch in RDX.
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Figure 3.6. Phonon dispersion surface w(k,, k,) for the second acoustic branch in

RDX.
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Figure 3.7. Phonon dispersion surface w(k,, k,) for the third acoustic branch in RDX.

Elastic Constant This Work Schwarz et al. Haussuhl
(QHLD) [106] [107]
C11 26.1772 25.6 25.02
C22 19.2293 21.3 19.6
C33 15.0926 19 17.93
Ci12 9.2284 8.67 8.21
C13 48718 5.72 5.81
Cc23 4.9028 6.4 5.9
C44 3.5585 5.38 5.17
C55 4.4851 4.27 4.07
C66 7.6271 1.27 6.91

Table 3.1 Comparison of elastic constants calculated using QHLD at 300 K with

experimental values reported in [106, 107] (units of GPa).
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3.2 Bond Strain and Rotation

As experimental and computational studies have shown that the fission of NN bonds is
the primary initial step in the thermal decomposition of RDX [21, 28, 29, 35], in this
Chapter, we use a harmonic oscillator-based model to investigate how different phonon
modes in the system can result in stretching and rotation of all bonds and angles in
RDX. The goal of this investigation is to identify the phonon modes that are responsible
for the largest stretching of critical bonds such as NN, CN, etc. It should be noted that
this model considers only the harmonic part of the crystal Hamiltonian and therefore is
insufficient to describe the anharmonic phonon interactions and transfer of vibrational

energy between the modes.

3.2.1 Calculation of Atomic Displacements and Bond Distortions

Within the harmonic approximation, atoms can be considered to oscillate about
their equilibrium positions and the amplitude of their oscillations can be written as a
sum of contributions from all phonon modes. We use the phonon mode energy, which
is the sum of kinetic and potential energy contributions from individual oscillating
atoms [108], mode shapes, and eigenvectors to determine the contribution of each mode
to the strain and rotation of bonds, and change in bond angles in a-RDX. A schematic
of bond stretching and rotation and change in bond angles is shown in Figure 3.8 and
Figure 3.9.
The displacement of the b* atom in the unit cell can be written as

u,(t) = U, exp(—iwt) (33)
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where the amplitude of oscillation U, can be calculated by summing the contribution

from individual modes as

Up = Z App € (34)
3

Here ey is the normalised eigenvector and ay, is a scaling coefficient denoting the

contribution of mode ¢ to the amplitude of oscillation and can be determined from the

phonon mode energy as [108]

a¢,b = ’E¢/mba)§, (35)

where m,, is the mass of the bt atom and the energy of the mode is calculated as Ey =
nghwg Where ng is the phonon mode occupation given by BE statistics. The displaced

position of atoms can therefore be written as
r, =r)+ Z Uy p exp(—iwt) (36)
¢

where 73 is the equilibrium position of atom b and Uy, , = a4 p, €4, is the amplitude
of oscillation of atom b due to the excitation of phonon mode ¢. The new position of
atom b due to the wvibrational mode ¢ can be written as
The =Tp + Ugpp e ‘@t The distance between any two atoms b; and b, is
(rb2 — rbl). For each mode, the deformation of each bonded pair can be expressed as
a combination of pure strain and pure rotation. We use percent strain, €,, to quantify

the amount of bond strain, defined as

|"bz¢ — ’”b1¢|
€p bbb, = 100 ——7— (37)
p,$,b2,bq |rgz_rgll
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The expression in Eq. (37) represents the contribution of phonon mode ¢ to the percent
strain of the bond between the atoms b, and b,. The bond rotation is quantified by

angle S between the final bond vector and equilibrium bond vector calculated as

1 (rbz¢ B rb1¢) . (rgz — rz1)

"oy = Thgl |15, — 73,1

B, p, = €COS (38)

The contribution of the mode ¢ to the change in bond angle between atoms b,, b, and

bs (Aa¢_b1_b2b3) is calculated as

_1 (rb3¢ - "bch) - ("b1¢ - rbzcb)
|Tb3¢ - rb2¢| |rb1¢ - rb2¢|

Aa¢_b1_b2’b3 = CoS
(39)

-1 (rgs B TZZ) ) (rg1 - TZZ)

75, =75, Irb, =73,

— COS

. . . Adgby,by b
The percent change in bond angle is defined as Aa, 4 p. p. p. = 100 X —o222283 Thg
P$:b1ba.bs a%lh b2,b3

change in dihedral angle between the planes formed by atoms b,, b,, b; and atoms

by, b3, by (A 1, b, b,,p,) 1S Calculated as
Aq)¢,b1,b2,b3,b4

o = T,0) X (Thyg = Ty0) - (Thyp = Thye) X (Tbyp = Thog)

b6 = Thr0| [Tbse = Thr0|[Tb26 = Thsg| [Theg = Thsgl (40)

= Ccos

(g, —13,) x (v, —7h,) - (rh, —73,) X (b, — T,

75, =15, 75, — 78,1175, — 78, |5, — 73]

— CO0S

The percent change in dihedral angle is defined as A®, 4, b, p,p, = 100 X

ADg by by b3bs o
———————. The change in improper angle between the planes formed by atoms
¢¢.b1:b2,b3rb4
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by, by, bz and atoms by, b, by (A®im,¢ b, b, bs,b,) 1S CalCUlated in the same way as Eq.
(40), however the indexing/position of atoms is different as shown in Figure 3.9.
There are 168 bonded pairs, 288 bond angles, 528 dihedral angles, 48 imporper
angles in a RDX unitcell. The relative importance of phonon modes to the stretching
and rotation of bonds and bond angles is estimated by calculating the root mean square

values as

168 .2

-1 € i
pprms = |t (@)
168 p2
Bomms = |20t 2
288 2
Aa _ [Eim1 A% (43)
ppirms 288
528 2
AD = 2i=1 APy (44)
pgms 528
48 AD_ .,
ADy im,¢,rms =\/ = 48p,1m,¢,1 (45)

To build an intuition for the way in which different modes distort the crystal,
the normalized atomic displacements (largest atomic displacement = 1, represented by
the color red and the smallest atomic displacement in the unitcell is represented by the
color blue) for a few modes are shown in Figure 3.10. For ease in discussing the results,
the spectrum is divided into twenty frequency bands, as shown in Table 3.2. The
frequency ranges of the bands are defined roughly based on groupings of modes in

contiguous ranges of the spectrum according to the way in which those modes distort
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the crystal as reported in experimental literature [61, 109, 110, 111, 112, 113, 114]. It
should be noted that as a result of this approach to parsing the frequency bands, the
number of phonon modes in different bands are unequal, depending on the density of

states and the frequency range of individual bands.

bl b2
b1 bZ bé
A 4
\ 4 b!
L%l bz ALDIDZ 2
Bond Stretch Bond Rotation
by 4o bs
Dy by ,
1Y2V3 ) b?,
A¢mm%
b,
Change in Bond Angle

Figure 3.8. Schematic of bond stretch, bond rotation and change in bond angle. The
spheres represent the atoms and sticks represent the bonds. Translucent spheres and

sticks represent the displaced position of atoms and bonds.

b4A¢b1b2b3b4

Change in Dihedral Angle Change in Improper Angle

39



Figure 3.9. Schematic of change in dihedral angle and change in improper angle. The
surfaces represent the planes formed by three atoms and the dihedral/improper angle is

measured as the angle between two planes.

Ll b
W

Figure 3.10. Normalized displacement of atoms in a single molecule of RDX at (left to
right, top to bottom) 17.91 cm™, 98.24 cm™, 381.96 cm™, 592.61 cm™, 656.11 cm™,
731.0964 cm?, 1537.61 cm?, 2482.92 cm? (largest atomic displacement = 1,
represented by the color red and the smallest atomic displacement in the unitcell is

represented by the color blue).

Bands Frequency range (cm™) Mode assignment Reference
1 0to50 Translation -
2 50 to 77 wEDNO, [109]
3 77 t0 102 @INO, [109]
4 102 to 192 @ONO, + PMolecular + “¢PN-NC; [109]
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10
11
12
13
14
15
16
17

18
19
20

217 to 324
370 to 373
401 to 424
457 1o 462
500 to 618
786 to 791
821 to 842
859 to 865
881 to 887
912 to 925
1121 to 1244
1298 to 1331

1475 to 1490

1490 to 1554
1736 to 2103

2824 to 2910

@INO, + *Ring
U@IN-NC,
b)Ring
st@IN-N + b(fo)Ring
bHHCRINg
“C-N + *CINO
N-N + <@INO,
S@IN-N + SIC-N
*N-N + *C-N + ™“CH
SUCN-N + CH2
HI°CH;
stea. @N-N + 'CHy

bCH,

st(as) NO>

st(as)C H-

[109]
[109]
[61, 109, 110]
[61, 109, 110]
[61, 109, 110]
[109]
[61, 109]
[61, 109, 110]
[61, 109]
[61, 109, 110]

[109, 110, 111]

[109, 110]
[110, 112]

[110, 112, 113, 111,

114]

[110, 112, 113, 111]

Table 3.2 Frequency range of twenty phonon bands, and corresponding mode

assignments. Superscripts: w= wag, ro= rotation, b= bending, u= umbrella, st=

stretching, t= twist, sc= scissoring, rc= rocking, ax=axial, eq= equatorial, fo=folding,

as=asymmetric.®

3 This table appears in the preprint: G. Kumar, F. G. VanGessel, L. B. Munday, P. W. Chung, “3-
phonon scattering pathways for vibrational energy transfer in crystalline RDX”, J. Phys. Chem. A,

2021 [76]
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3.2.2 Modewise Bond Distortions

The modewise €, 4 rms: Bprms: Dp g rms: APy prms ANA AP, iy 4 1o Are
plotted in Figure 3.11, Figure 3.12, Figure 3.13, Figure 3.14, and Figure 3.15
respectively. The low frequency modes (< 133 cm™ or 4 THz) exhibit the largest
contribution to the stretching and rotation of bonds and change in bond angles in RDX.
The contribution of the mid-frequency and high frequency modes to the distortion of
bonds and bond angles is one to three orders of magnitude lower, except the mid-
frequency modes ~500 cm®, which correspond to the bending, twisting and rocking of
the ring, contribute significantly to the percent change in improper angles. In the
distortion of every bond, ~90% of the bond strain and ~60% of the bond rotation is due
to the low frequency modes up to ~4 THz. The largest bond strain is experienced by
the N-N bonds and the smallest by the C-N bonds. In general, the largest to smallest
strains (e,)are N— N >N — 0 > C — H > C — N. An identical trend is observed for
the magnitude of bond rotation (8) as well. On averaging over all modes, bond strains
in N-N are ~40% more than N-O, 65% more than C-N, ~400% more than C-H bonds.
The largest N — N and N — O bond strains as well as rotations occur at frequencies of
0.63 THz (21 cm™) and 0.48 THz (16 cm™) respectively. The large strain and rotation
of both N — N and N — O bonds result from a relatively larger displacement of the
nitrogen atom in the nitro group (—NO,). The percent change in bond angle is the
largest for the N-N-C bond angle followed by O-N-N, H-C-H, O-N-O, N-C-N and C-
N-C bond angles. On averaging over all modes, bond angle distortion in NNC is 25%
more than ONN, 66% more than HCH, 84% more than ONO, 120% more than NCN,

230% more than CNC bond angles. The largest N-N-C and O-N-N bond angle
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deformation are observed at 0.63 THz and 0.48 THz respectively. Similarly, the
dihedral angles corresponding to the torsion of the N-N bonds, on average, exhibited
the largest percent change, ~122% more than the dihedral angle correspodning to the
torsion of the C-N bond. The largest change in dihedral angle corresponding to the
torsion of both N-N and C-N bonds occur at 0.48 THz. The percent change in improper
angle is also observed to be the largest for the N-N-O-O atoms, which on average is
observed to be ~200% more than the improper angle formed by N-N-C-C atoms. The
largest distortion of N-N-O-O and N-N-C-C improper angles occur at 17.2 THz (573.7

cm) and 0.67 THz (22.3 cm™) respectively.

3.2.3 Contribution of the Low Frequency Modes

Averaged over all bonded pairs in RDX unitcell, the low frequency modes up
to 4 THz are estimated to contribute 67 to 98% to the bond strain (94% when averaged
over all bonded pairs). On average, these low frequency modes contribute 97% to N-
N, 95% to N-O, 87% to C-N and 99% to C-H bond strain. The same low frequency
modes are estimated to contribute 30 to 98% to bond angle deformation (70% when
averaged over all bond angles in RDX unitcell). On average, these low frequency
modes contribute 60 % to ONO, 70% to ONN, 83% to NNC, 60% to NCN, 71% to
NCH, 72% to HCH, and 62% to CNC bond angle deformation. These low frequency
modes contribute 35 to 99% to the distortion of dihedral angles and 30 to 98% to the
distortion of improper angles in RDX. On average, these low frequency modes
contribute 97% to the N-N torsion, 65% to the C-N torsion, 80% to the distortion of N-

N-C-C improper and 72% to the distortion of N-N-O-O improper angles.
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The significance of the low frequency modes and their contributions to the
distortion of bonds and bond angles will be discussed in further detail in Chapter 5

where we discuss the contribution of all modes to heat transport in RDX.
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Figure 3.11. RMS value of percent bond strain (ep,d,,rms) vs frequency for all 504
phonon branches in RDX. The lowest frequency modes are estimated to contribute the

most to the stretching of bonds in RDX.
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Figure 3.12. RMS value of bond rotation angle (ﬁ(p,rms) vs frequency for all 504

phonon branches in RDX. The lowest frequency modes are estimated to contribute the

most to the rotation of bonds in RDX.
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Figure 3.13. RMS value of percent change in bond angle (Aaplq,,lrms) vs frequency for

all 504 phonon branches in RDX. The lowest frequency modes are estimated to

contribute the most to the change in bond angles in RDX.
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Chapter 4: Phonon Scattering Rates and Lifetimes*

The nature of thermal transport in simple crystalline materials is well
understood using the Phonon Gas Model (PGM) [79, 82, 83, 81] which treats phonons
as quasi-particles carrying energy hw and their transport is modeled in a manner similar
to gases [80]. In addition to the harmonic properties, the calculation of thermal
conductivity requires knowledge of anharmonic phonon properties (phonon scattering
rates and lifetimes) over the entire Brillouin zone. Theoretical calculations of phonon
lifetimes date back to the work by Callaway [115], Holland [116], Klemens [117], and
Slack [118] who postulated analytical models for phonon dispersion and lifetimes.
These models contain parameters that are often obtained by fitting the Boltzmann
Transport Equation (BTE) solution to experimental thermal conductivity values and
therefore lack a predictive capability. Computational techniques which can capture the
anharmonic interaction between the phonon modes and provide an accurate estimate of
phonon-phonon scattering rates and lifetimes are, therefore, needed. In this Chapter,
we investigate two different techniques for calculating the anharmonic phonon-phonon
scattering rates and lifetimes: 1) A quantum mechanical model based on the

perturbation theory, also known as Fermi’s Golden Rule (FGR), and 2) A lattice

4 Portions of this Chapter appear in F. G. VanGessel, G. Kumar, D. C. Elton and P. W. Chung, "A
Phonon Boltzmann Study of Microscale Thermal Transport in a-RDX Cook-Off,*, Proceedings of 16"
International Detonation Symposium, 2018. AND

G. Kumar, F. G. VanGessel, L. B. Munday and P. W. Chung, "3-phonon scattering pathways for
vibrational energy transfer in crystalline RDX", J. Phys. Chem. A, 2021.
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dynamics based Normal Mode Decomposition (NMD) method. Fermi’s Golden Rule
is a fully quantum mechanical theory that provides an estimate for the probability of
transition from an initial quantum state i to a final quantum state f. This transition
probability is used to calculate the 3-phonon scattering rates and phonon lifetimes. In
contrast, the NMD technique models the fluctuations in phonon population, the
ingredients for which are obtained from a classical Molecular Dynamics (MD)
simulation. Although, only the first order anharmonic term of the Hamiltonian is used
in the FGR technique and the MD captures all higher order crystal anharmonicities,
however, the FGR technique can provide a lot more detailed picture of the vibrational
energy transfer between the phonon modes. The results of this study were published in

[75, 73, 74] and some of the results are currently under review for publication [76].

4.1 Fermi’s Golden Rule

The crystal Hamiltonian can be written as
H=Hy+H;+H, .. (46)
where H, is the harmonic term, H; and H, are anharmonic terms also referred to as
first and second order perturbation terms, respectively. If the Hamiltonian was purely
harmonic i.e., all the anharmonic terms such as Hs, H, etc. were zero, then the lattice
waves or phonons in the material would never interact with one another. However, due
to the presence of anharmonicity, the phonons interact with each other and during these
processes referred to as phonon-phonon scattering, existing phonons can be

annihilated, and new phonons get created. A schematic of 3-phonon scattering (a
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scattering process involving 3 phonon modes, say modes ¢4, ¢, and ¢3) is shown in
Figure 4.1. The probability of creation and annihilation of phonons during scattering
can be calculated using a quantum mechanical theory called the perturbation theory. In
this work, we only consider up to the first order perturbation term of the Hamiltonian.

The first order perturbation term H; is defined as [119, 120]

Hs = Hé?;),¢2,¢3 (ai¢1 + a¢,1)(ai¢,2 + a¢2)(a1—-¢3 + a¢3) (47)
where ¢ is the phonon mode index (¢, ¢,, ¢ are mode indices of the three phonons

involved in scattering, —¢ refers to a mode corresponding to a negative wavevector),

Hé‘? bpps OTE Fourier transforms of the third order Inter-atomic Force Constants (IFCs),

a;r5 and a4 are creation and annihilation operators respectively with a:;,|n¢) =

Jng +1|ng +1) and agy|ny) = /ng | ng —1), and ny is the phonon mode
population. The creation operator increases the number of particles in a given energy
state by one (adding a quantum of energy to the quantum mechanical oscillator) and
the annihilation operator decreases the number of particles by one (removing a quantum
of energy). These operators are a way of representing different 3-phonon scattering
events which result in the creation and/or annihilation of phonons. With the above
expression for the anharmonic Hamiltonian Eq. (47), Maradudin et al. formulated a
method to calculate the intrinsic phonon scattering rates using the perturbation theory
(Fermi’s Golden Rule or FGR) [119, 120]. Since this technique captures the
anharmonic interaction between the vibrational modes in the crystal, it is also referred
to as Anharmonic Lattice Dynamics (ALD) technique. This method was first

implemented to calculate the scattering rates in simple crystals with a small number of
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atoms in the unitcell such as Silicon and Germanium [121, 94] and has been used
extensively since then [122, 123, 124, 125, 87]. Recently, the FGR technique was
extended by Feng et al. to consider fourth order anharmonic terms and thereby four
phonon processes in Argon, Diamond, Silicon and Germanium [126].

The mathematical expression of FGR is obtained by solving the Time
Dependent Schrodinger Equation (TDSE) and is shown in Chapter 7. Based on FGR,
the probability of transition from an initial state |i) to a final state |f’) for the 3-phonon
emission process ¢, = ¢, + ¢5 (annihilation of a phonon ¢, and creation of two new

phonons ¢, and ¢5) is given by

2
'¢)Z'¢)3 | (48)

2 A2 ©)
- [(fIH310)128(E; — Ef) ~ ng, (1 +ng,)(1 +ng,)|Hy.
Similarly, the transition probability for the process ¢; < ¢, + ¢5 (annihilation of two

phonons ¢, and ¢ 5 and creation of a new phonons ¢,) is given by

H®

3
b1.92.93 (49)

2w )
— IilHs )] S(E; — Ef) ~ (1 + ng,)ng,ng,

where E; and E; are energy of the initial and the final state respectively. The transition
probabilities for the absorption processes ¢, + ¢, — ¢ (annihilation of two phonons
¢, and ¢, and creation of a new phonons ¢3) and ¢, + ¢, < ¢5 (annihilation of a

phonon ¢4 and creation of two new phonons ¢; and ¢,) can be expressed in a similar

. . 3) . 3
manner. The coefficients Hy 5, 6, are related to the analogous coefficients 2979

defined by Born and Huang [127]. They are related by

3 ye
(3) fd L A ¢1'¢2l¢3 (50)
¢1'¢2'¢3 - 3 1 k1+k2+k3
22 X 6N2 W, Wep, Wepy
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where N is the total number of k points, wg is the angular frequency of the phonon

. (3) .
mode, Kronecker delta Ay ,x,+x, enforces momentum conservation, and Vo bapslS
the cubic anharmonic matrix of third order IFCs defined as

3
V¢1r¢2r¢3
b1 b2 b3 (51)

E a oz €a,b,€a,0,as0, pikz- 11, piks. 11y

z 0b4,l5by,l3bs
\/ mblmbzmb3
0by,lzby,I3b3  ay,az,a3

where b is the index of atoms in the unitcell, [ is the index of cells in a supercell, a
represents the three Cartesian directions, m, is the mass of the b" atom,

%% | are the third order force constants, e®!, are the phonon mode
1,t202,t303 1Y

eigenvectors, and k represents the wavevector.

The rate of change of occupation of the mode ¢, can be calculated based on the
transition probabilities for the 3-phonon processes as

% = _Zd)szs {% [n¢1(1 + n¢2)(1 + n¢3) - (1 + n¢1)n¢2n¢3]L_
(52)
+ [(1 + n¢3)n¢1n¢2 - n¢,3(1 + n¢1)(1 + n¢2)]L+}

The first two terms of the summation in Eq. (52) account for the emission process (the
difference between ¢p; = ¢, + ¢5 and ¢, « ¢, + ¢3) and the last two terms account
for the absorption process (the difference between ¢; + ¢, = ¢5 and ¢, + ¢, < ¢p3).
Using FGR under Single Mode Relaxation Time Approximation (SMRTA) where each
mode ¢, is perturbed in turn and the resulting change to the population of ¢, can be

determined due to the exchange of energy via scattering with all other modes. That is,

ng, =ng +ng and ny, =ng , ng, =ng , Where ny is the perturbation in
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population of the mode ¢;, nf}, is the equilibrium phonon population of the mode ¢
given by Bose-Einstein (BE) statistics. Using SMRTA and equilibrium conditions, that
is ny (1+n3 )(1+n3,)=(1+ng )ng nd , and (1+n} Ing ng = n§ (1+
ny )(1+n§ ), Eq. (52) leads to

on 1
¢1 ' 0 0 0 0
atl = —ny, z@ N {5(1 +ng +ng )L+ (ng - n¢3)L+} (53)

and the summation on the right side is the intrinsic 3-phonon scattering rate (I, ),

1
Ty, = Z¢ , {E (1+n§ +ng )L+ (n§ — nf},s)L+} (54)
2)¥3

§(wg, wg,~wps)

h 2
where L, = 7t—|V+(3)| A,
- 4NI & - W1 Dy Pep3

account for the conservation of crystal

momentum and energy and the probability of transition from an initial state to a final
state for emission (—) and absorption (4) processes. Vf) is cubic anharmonic matrix
of the third order IFCs

AR

b1 TP —P3 (55)

e e
A ayas a1by “azby “azbs ptikz. 11, p—iks. 11

B Z Z quble by,l3b3 \/m
0b1,12b2,13b3 aq,0,a3 b b1 b2

2
The scattering rate (I, ) can be considered to be a product of two terms, |Vi(3)| which

indicates the anharmonicity of the modes and a 3-phonon phase space volume P; 4

calculated as
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§(wp, — wg, = wp,)

Wep,Wep, W,

1
Py = E {— 1+nY +nf )A_
3,01 Dby 2 ( b2 b3
(56)

é + -
+ (ng)z _ n3>3)A+ (0)¢1 We, w¢3)}

W, Wep, Wepy
which indicates the number of allowed 3-phonon scattering events permitted by
conservation of crystal momentum and energy. Finally, the phonon lifetime (74, ) is

defined as the inverse of the scattering rate,

1
Ty =T (57)
! F¢1
The relationship between energy transfer rate and scattering rate of a given
perturbed mode ¢, can be shown as follows. The energy transfer rate can be expressed

as

6E¢1 6n¢1
= 58
ot - 9e (58)

where the partial derivative on the right side can be obtained by solving the Boltzmann
Transport Equation (BTE) which, in the absence of an external force such as
mechanical load or shock, is expressed as [79]

6n¢1

dn¢
9t T Vs Vg, = < ;

> (59)
scattering

where v, 4. is the phonon mode group velocity and the term on the right is the rate of

change in phonon population due to scattering as calculated in Eqg. (52). Under the

approximation of small perturbation i.e., Ang — 0, Eqg. (59) reduces to Oy _

(dn¢1

) . Using this result and substituting Eq. (52) into Eq. (58), the energy
dt /Jscattering

transfer rate for ¢, is calculated as
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0Eg,
Jat

= —nzplhw(plfd,l (60)

¢3

o—.—® o L e
\ C/ k3

k1=k2+k3i6 k1+k2=k3i6
W, = W, + Vg, W, T W3 = Wgp,
Emission process: ¢ = ¢, + ¢3 Absorption process: ¢1 + ¢, = ¢3

Figure 4.1. Schematic of 3-phonon scattering processes ((left) emission and (right)
absorption). Energy and momentum conservation rules must be satisfied for a non-zero
probability of 3-phonon scattering, i.e., transition from any initial quantum state i to

another final quantum state f.

4.1.1 Interpretation of 3-phonon Scattering Rates

Equations (52) and (53) may be interpreted in the following way. At
equilibrium, the phonon occupation levels of all modes are governed by Bose-Einstein
statistics and the rate of energy transfer to/from ¢, must have a net change of zero.
However, when ¢, is perturbed i.e., the number of oscillators at energy level Awg is
higher than ny, the surplus energy is transferred to all other modes in the system via
scattering. 3-phonon scattering can transfer energy from or to ¢, in two possible ways.
The first is indicated in the first set of square brackets in Eqg. (52) where an emission
process splits ¢, into two new phonons ¢, and ¢5 (¢, = ¢, + ¢3), or when two

phonons from modes ¢, and ¢; combine to create ¢, (¢, < ¢, + ¢3). The modes
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that can participate in these reactions must follow energy conservation, wg = wg, +
wg4,. However, the combination reaction is necessarily slower when the occupation of
¢, is above equilibrium. This is because the occupation of a mode must be a positive
value which makes the coefficient of L_ in Eq. (53) strictly positive. In the second
route, indicated by the second set of square brackets in Eq. (52), ¢, can combine with
¢, to create ¢5 at higher energy (¢, + ¢, = ¢3), or ¢ can split to create ¢p; and ¢,
(1 + ¢, « ¢3) following the same energy conservation requirement that restricts the
possible modes that can participate in the reactions. The second route models
absorption, and here, the splitting reaction is slower when ¢, is perturbed since the
coefficient of L, in Eq. (53), that is (ng, — ng_), must be strictly positive since n}_ >
n253 when wg, < wg,. This means that absorption must also have a cooling effect on
the perturbed mode. Thus, the terms for emission and absorption both act to counteract
the perturbation of ¢,, which means the scattering is related linearly to the rate of

energy transfer as shown in Eq. (60).

4.1.2 Computational Details

The minimum free energy structure of RDX at 300 K is calculated using the
open source package GULP [102] which minimizes the Helmholtz free energy A =
Ustatic + Uvip — TSyip [103]. The phonon mode frequencies and eigenvectors are also
determined using GULP for a uniform 6 x 6 x 6 grid of k-points. This results in a total
of (504 branches) X (216 k-points) = 108864 phonon modes. The details of energy

minimization and the calculation of harmonic properties can be found in Chapter 3.
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The open source packages LAMMPS [128] and ShengBTE [129] are used to
calculate the third order interatomic force constants (IFCs) and the 3-phonon scattering
rates and mode-to-mode scattering rates. LAMMPS determines the single point
energies which are then provided to ShengBTE to perform the finite differences needed
to calculate the third derivatives of energy for the IFCs. The IFCs are determined over
a symmetry-reduced crystal. Finally, using the phonon frequencies, eigenvectors and
IFCs, the scattering rates are calculated for all modes. The convergence of the harmonic
and anharmonic phonon properties with respect to the number of k-points is shown in

Appendix 1.

4.1.3 FGR Scattering Rate Results

Experimentally, the phonon lifetimes can be obtained from Raman spectra
whose width depend on the anharmonic coupling between the probed mode and other
vibrational modes in the system [130, 131, 132, 133]. The calculated 3-phonon
scattering rates and phonon lifetimes along with experimental lifetime values obtained
from Raman linewidths as reported in [110, 134] are shown in Figure 4.2 and Figure
4.3 respectively. The calculated lifetimes are in good agreement with the experimental
values indicating that the 3-phonon scattering model can provide an accurate
description of the anharmonic coupling and energy transfer between the modes in RDX
under ambient conditions. The calculated phonon lifetimes (or relaxation time) indicate
a sub-picosecond relaxation of the nitro group wagging and rotation modes (bands 2
and 3) which was also suggested by Aubuchon et al. [51]. Aubuchon et al. also observed
a relaxation time of 6.240.4 ps for the asymmetric stretching of the nitro group (band

18) as compared to the 2.19 ps relaxation time estimated in this work. The number of
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modes, the average scattering rate and relaxation time for each band, the highest and
lowest relaxation time within each band, and normalized standard deviation in

relaxation time within each band defined as opor =

Thand avg- are shown in Table 4.1. The low frequency

2
Zd)leband"’:q}vl,band — Thand avg-|
no.of modes in band

modes in bands 1, 2 and 3 have an average scattering rate of 263.46 ps*, 195.08 ps*
and 135.95 ps™ respectively, and an average relaxation time of ~0.01 ps. Similar sub-
picosecond relaxation times for the low frequency modes in PETN, HMX, and TATB
at 295 K were reported by McGrane et al. [135]. Such low relaxation times (~0.01 ps)
are uncharacteristic of pristine solid crystals and seem unrealistic prima facie.
However, similar values have precedents in disordered solids such as amorphous
silicon [136, 137], SiGe alloys [138], lead halide perovskites [139], etc. This is
ultimately indicative of the diffusive nature of the thermal carriers in complex
molecular crystals like RDX as shown by Kumar et al. [74, 73]. The high scattering
rates of these low frequency modes can be understood by investigating the type of
scattering processes (absorption vs emission) as shown in Figure 4.4, the strength of
anharmonic coupling between the modes indicated by the Gruneisen parameter values
and the number of 3-phonon scattering events indicated by the 3-phonon phase space
volume as shown in Figure 4.5 and Figure 4.6 respectively. For the low frequency

modes (wg,) in bands 1, 2 and 3, the majority of the scattering occurs via absorption
processes involving two other low frequency modes wg, and wg,. These low
frequency modes have a high occupancy (n), are highly anharmonic (large Gruneisen

parameter magnitude), and have a large number of 3-phonon scattering channels
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available (large 3-phonon phase space volume). All these factors combined result in
high scattering rates for these low frequency modes.

The normalized standard deviation in relaxation time calculated across all
modes is ~5.02 indicating that an average harmonic approximation may result in

relatively large inaccuracies in the analysis, however, a7,°"™ is relatively low (less than
and

0.5) for bands 5-8 and 10-18 indicating that an average anharmonic approximation
applied within these bands individually may provide a reasonable estimate of the
relaxation times.

The scattering rate of individual modes (I3,) indicates the time scale for
relaxation of the phonon population of that mode. However, mode-to-mode scattering
rates are needed to identify the modes that are responsible for the majority of energy
transfer into or out of any particular mode of interest. The mode-to-mode scattering
rate calculations and results are presented in Chapter 5.

The calculations and results presented in this section are predicated on several
approximations including SMRTA, only 3-phonon scattering events, a limited number
of Brillouin Zone sampling points (6 X 6 X 6), and use of a quantum chemistry based
force field to model the interactions between atoms and molecules instead of first
principles electronic structure calculations. Although, a good agreement between the
calculated results and experimentally reported values indicate a sufficient level of
accuracy of the FGR based model under these approximations, however, the accuracy
of the model can be improved at the cost of computational resources by including
higher order anharmonic terms in the Hamiltonian (4-phonon scattering or higher)

which become increasingly important at higher temperatures [126]. Further
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improvement can be achieved by sampling the entire Brillouin zone using a larger
number of kpoints, and by lifting the single mode relaxation time approximation to
accurately model the change in phonon population and the anharmonic coupling
between the modes. In addition, use of more accurate quantum mechanical models like
Density Functional Theory to model the interaction between the atoms and molecules
can provide greater insights into the physical and chemical processes that may lead to

critical vibrational energy transfer mechanisms in energetics.

1.E+04

LEH03 E

1LE+02 k

—

t

+

o

—
T

1LE+00 E
1E01 [

1.E-02 E

3-phonon scattering rate (ps™)

1.E-03

1Eo04 L— 0 v

b b 5000
Frequency of first phonon (cm™)

Figure 4.2 FGR based 3-phonon scattering rate (I, pst) in RDX at 300 K. The lowest
frequency modes have the highest scattering rates indicating strong anharmonicity
(large third order force constants) and large number of 3-phonon scattering channels
(large 3-phonon phase space volume) for these modes. In contrast, the majority of high

frequency optical modes have lower scattering rates possibly due to lower
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anharmonicity and large band gaps in the phonon spectra resulting in smaller 3-phonon

phase space volume for these modes.
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Figure 4.3 FGR based phonon lifetime (z4,, ps) for all modes in RDX (504 branches

for auniform 6 x 6 x 6 kpoints mesh). The lifetimes estimated in this work are in good
agreement with the experimental values obtained from Raman linewidth data reported
in [110, 134]. Low frequency modes up to ~102 cm™* have the highest scattering rates

and therefore the shortest phonon lifetimes.
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Figure 4.4 FGR based 3-phonon scattering rates for all modes in RDX via absorption
and emission processes. For the low frequency modes, majority of the contribution to
the scattering rates comes from the absorption process involving two other low
frequency modes. Since the occupation of the low frequency modes is relatively larger
than the high frequency modes, and the scattering rates are directly proportion to the

phonon mode occupation, therefore the low frequency modes have very high scattering

rates.
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Figure 4.5 Magnitude of modewise Gruneisen parameter values for all modes in RDX.
The lowest frequency modes are highly anharmonic and exhibit the largest values for
Gruneisen parameter magnitude thereby contributing to the high scattering rates of
these modes. In contrast, the highest frequency modes are less anharmonic and

therefore have relatively lower scattering rates.
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Figure 4.6 3-phonon phase space volume for all modes in RDX. High scattering rates
of the low frequency modes up to ~102 cm™ in Figure 4.3 are due to the strong
anharmonic coupling indicated by the large Gruneisen parameter values, and due to a

large number of 3-phonon scattering events indicated by the large phase space volumes.
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No. of Average Average Highest Lowest

Bands modes  scattering rate relaxation relaxation relaxation Tpand
(ps?) time (ps) time (ps) time (ps)
1 1481 263.46 0.01 0.16 0.00 1.15
2 1279 195.08 0.01 0.06 0.00 0.71
3 1136 135.95 0.01 0.09 0.00 0.71
4 2760 73.13 0.03 0.37 0.00 1.03
5 2048 3.45 0.38 1.54 0.03 0.50
6 512 4.39 0.26 0.68 0.06 0.37
7 1124 2.67 0.47 1.80 0.08 0.46
8 512 2.35 0.50 1.79 0.18 0.46
9 4608 7.30 0.25 2.90 0.02 1.04
10 512 1.05 1.14 4.44 0.27 0.45
11 1024 2.34 0.48 1.44 0.07 0.38
12 512 3.47 0.33 1.07 0.03 0.39
13 512 2.53 0.42 1.13 0.18 0.28
14 512 2.87 0.38 1.03 0.13 0.32
15 3072 0.56 2.00 5.64 0.51 0.33
16 1536 0.95 1.23 5.21 0.20 0.43
17 897 1.35 0.79 1.74 0.35 0.25
18 2175 1.27 0.89 2.19 0.30 0.35
19 3072 0.03 172.55 2272.90 2.46 1.55
20 3072 0.17 25.38 101.42 0.41 0.77

Table 4.1 Number of modes, average scattering rate and relaxation time for each band,
highest and lowest relaxation time, and normalized standard deviation in relaxation

time within each band.
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4.2 Normal Mode Decomposition

In this Section, we present the use of a frequency-domain normal mode
decomposition (NMD) technique to estimate the phonon lifetimes for all branches in
RDX. This technique was first applied to simple crystals like silicon and diamond by
Wang et al. [140] and further extended by Koker [141] and McGaughey and co-workers
[142, 99, 143, 125]. The calculation of phonon lifetimes using NMD requires
calculation of Spectral Energy Density (SED, @(k, w)) which is the power spectrum
of the mode velocity and reflects the kinetic energy density of each mode at different
frequencies.

The expression for SED can be derived from the theory of lattice dynamics [82,

83, 81] where we begin with writing the crystal Hamiltonian as

H=3 D450 ap® + whap®ap(0)]
’ (61)
= Z[T¢(t) + V()]
¢
where t is time, wg is phonon mode frequency, q4(t) is phonon normal mode
coordinate and qg(t) represents time derivative of the phonon normal mode
coordinate, and qg (t) and qg(t) represent complex conjugates of gy (t) and qg(t)
respectively. The Hamiltonian can also be written as the sum of modewise kinetic and
potential energies summed over all modes. The phonon normal mode coordinate g4 (t)

and its time derivative g, (t) can be expressed as
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qq(t) = E /_N Ug,p,1 (L) €4 b etk ol (62)
a,b,l
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/ mb 14 * ik -
GO = D[St (0) € €™ T (63)
a,b,l

where «a is the index for three cartesian directions, m,, represents the mass of bt atom
in the unit cell, 7, ; is the equilibrium position vector of I unit cell, u 5, ; (¢) represents
the a component of displacement of bt* atom from its equilibrium position and
ug 1 (t) represents its velocity. The time response of phonon normal mode coordinate
can be modelled as a sum of a steady state term (g, s(t)) and a transient term (g, 7 (t))
which takes into account the time-dependent fluctuations in the phonon occupation of
the mode [83, 82]. The steady state and transient terms of the phonon normal mode
coordinate and their time derivatives can be written as

qg,s(t) = Cipe' 9" + Crpe ™9

(64)

Gy () = e7T45(C3pe' 9" — Cope™'0") (65)

94,5 (8) = iwg (Crpe'“?" — Crpe™'4") (66)
qp,r(t) = e79" (Cag (iwg — [y Je'o*

(67)

— C4¢ (la)¢ + F¢)€_iw¢t)

Here Cs are constants, w, is the normal mode frequency and I, represents the rate of

decay in phonon population of the mode ¢.
65



The potential energy (V4 (t)) and kinetic energy (T, (t)) of the normal mode

represented by index ¢ are expressed as

1

Vo () = 5 05q5()q4 (1) (68)
1

Tp(®) = 5 44(8) 4 () (69)

The expected value of the normal mode Kkinetic energy in the time domain is calculated

as

1 (%1
(To(0) = lim = | 3050 x g0 de (70

o
The expression in Eq. (70) can be transformed from the time domain to the frequency

domain using Parseval’s theorem [144] as

2

1 To
Ty(w) = lim — f L(t) exp(—iwt) dt (71)
»(w) = D21, |Von CI¢( ) exp( )
Substituting Eq. (67) into Eq. (71) and integrating the expression,
1 . Wy + I
T — —lwtj A, ¢ ¢
»(@) 16mt, Ze ( .J wey — w + il
(72)
2
w¢ - lF¢
+ By, we +w — il >
¢ ¢

where A and B, are constants related to the growth and decay of phonons in the system.

Since we are interested in values of w close to wg 10 calculate the linewidth Iy when
w = wy, the Ay ; term becomes large and By ; term can be neglected. Thus, the

expression in Eq. (72) can be reduced to the following form

66



1 wiy + I Iy
Tole) = ler, Z Z o (w(tj, B tj)) Aoi dor 5 (wop—w) +17
] ]

The expression in Eq. (73) can be written as
[ d

T — A (74)
p(w) = ZZ ¢((‘)0¢ w) =

Here Co = Zj er[COS (‘U(tj - tj’) Ajg Aj'¢ 81T

Finally. the expression for modewise Spectral Energy Density can be written as

Iy
Dy(@) =2 X Ty(w) = Cop T (75)
(wop — W)™ + I}

The factor of two in Eq. (75) comes from equipartition of potential and kinetic energy
for a harmonic classical system. The SED of each mode is an approximate Lorentzian
function whose linewidth (half width at half-max I) can be calculated by fitting the
SED to a Lorentzian function. Finally, the phonon mode lifetime can be calculated as

inverse of full width at half-max

1

R (76)
2I

4.2.1 Computational Details

The harmonic ingredients for SED such as phonon mode frequencies and
eigenvectors are calculated using the open source package GULP [102] as shown in
Chapter 3. In order to calculate g4 (t) and qg(t) as shown in Eq. (62) and (63), a

molecular dynamics simulation of a supercell size N = 2 x 2 X 2 = 8 cells at 300 K
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is performed using the open-source package LAMMPS [128] to obtain the time

dependent displacement of atoms from their equilibrium position and their velocities.
A 1.0 fs timestep is chosen for integrating the equations of motion (less than 1—10th of

the smallest time period of atomic vibration in RDX) and the system is equilibrated for
10 ns under NPT conditions followed by data collection for another 2 ns under NVE
conditions. During equilibration under NPT conditions, the temperature and pressure
are controlled using the Nose-Hoover thermostat and barostat respectively with a time
constant of 100 fs for both. At every MD time-step, using the phonon normal mode
coordinates and their time-derivatives, the total Kinetic energy of the system can be
calculated as shown in Eqg. (61). The time domain kinetic energies are then transformed
into frequency domain via Fourier transform as shown in Eq. (71). The SED for each
mode is then obtained from the frequency domain kinetic energies as shown in Eq.

(75). Finally, a Lorentzian function is fitted to the SED to obtain the linewidth I3, [75]

P +P
[P

_ (77)
Po (@) = \/P_g[(Pz — w)?% + Ps3]

Here P; is a parameter representing the largest value of the SED for mode ¢, P, is a
parameter representing w, g, and P represents 1“¢2. The Lorentzian fitting is performed

by minimizing the least square error. The following metrics are used to quantify the

error in the Lorentzian fitting of all modes

Ng 2
*(SED,;, — SEDy;
errory = j Zl—l( ¢lnd flt‘¢l) (78)
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(79)

Yo errorf,/\/ Yo Zrlld(SED(l,)z

0 =100
%o error \/ 3n 3n X ny

where n is the number of data points in the SED of each mode, and 3n is the number

of sampled phonon modes. Further, the standard deviation of errory is calculated as

2
Y3 error,
3n & ¢
X% (err0r¢ — 357 Z?bn error, (80)

+~ = 100
Ot 3n 3n

4.2.2 Phonon Lifetime Results

Among the phonon modes that were studied, over 90 % of the modes exhibit an
SED curve with a clear single peak. Occasionally, smaller peaks with heights less than
10 % of the main peak value were observed for some modes. The small peaks were

caused by non-negligible By ; term, at frequencies well above or below wg and
therefore do not affect the Lorentzian fitting centred at wg. For our choices of MD

simulation parameter values, some noise was observed in the SED data that was most
likely related to the randomness of thermal fluctuations and could be reduced by much
longer thermalization and equilibration stages. However, we found that the noise was
insensitive to reasonable deviations in the parameter values and did not affect the
qualitative observations in subsequent analyses. The fitting of a Lorentzian to the SED
of a randomly chosen mode is shown in Figure 4.7. Using the error metric defined in
Eq. (79), a % error = 2.61% in SED fitting is observed and the standard deviation of
fitting across all modes oy;, as shown in Eq. (80) is found to be 0.59% indicating a

consistently good Lorentzian fit of the SED for all modes.
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A plot of phonon lifetimes vs frequency for all modes in RDX is shown in
Figure 4.8. We observed that the phonon lifetimes decrease with increasing frequency
up to ~100 cm?, followed by flattening and subsequent increase for some higher
frequency modes (above ~300 cm™) [73]. This is in contrast to the trend observed in
simple atomic crystals like silicon [142], and carbon nanotubes [123] in which phonon
lifetimes monotonically decrease with frequency. The non-monotonic nature of
lifetimes in RDX can be attributed to the large frequency gaps that exist in the band
structure that result in the higher frequency optical modes (above 1500 cm™)
participating in relatively fewer third-order phonon scattering events and thereby
having longer lifetimes [97]. A decrease in the number of allowed phonon-phonon
interactions due to an increase in the acoustic-optical bandgap is similarly observed in
I11-V materials [97]. A histogram of the number of phonon modes vs phonon lifetime
is shown in Figure 4.9. It should be noted that the magnitude of the phonon lifetime for
the majority of modes is quite low, on the order of 10 picoseconds, closer to lifetimes
in amorphous solids than atomic crystals that have phonon lifetimes on the order of
nanoseconds [142]. Lifetime values calculated in this study are in good agreement with
vibron lifetimes in RDX which have been reported to fall in the range of 2.5 ps to 11

ps [56]. The short lifetimes indicate that RDX is a strongly anharmonic crystal.
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Figure 4.7 Spectral Energy Density fitted to a Lorentzian for 375" phonon branch in
RDX at 300 K. Using the error metric defined in Eq. (79), a % error = 2.61% in SED
fitting is observed and the standard deviation of fitting across all modes oy;, as shown

in Eqg. (80) is found to be 0.59% indicating a consistently good Lorentzian fit of the

SED for all modes.
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Figure 4.8 Phonon Lifetimes for all branches in RDX at 300 K using NMD technique.
The linewidths are obtained by fitting a Lorentzian to the modewise Spectral Energy
Density function. The phonon lifetimes are on the order of few picoseconds to tens of
picoseconds. Such small lifetimes indicate a strong anharmonic coupling between the

phonon modes in RDX.
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Figure 4.9 Histogram of number of phonon modes vs phonon lifetime in RDX. The
majority of phonons are estimated to have small lifetimes, on the order of a few
picoseconds.
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Chapter 5: Thermal Conductivity in RDX®

In molecular crystals, commonly used in energetics, phonons facilitate the formation
of the microscale reaction zones, i.e. hotspots, wherein the flow of energy into key
vibrational modes initiates the chemical decomposition process [50, 54, 48]. The
growth of hotspots depends on the balance of the amount of energy generated due to
the exothermic fission of bonds and the amount of energy dissipated due to thermal
conductivity. For instance, if the energy generation exceeds the energy dissipated, then
the thermal decomposition of the material continues, and the hotspots can grow in size.
However, open questions remain as to the exact mechanism through which intermodal
and spatial thermal energy transfer occurs in molecular crystals. Dlott et al. postulated
a multiphonon up-pumping mechanism to explain the intermodal energy transfer
phenomenon, while other works speculated that the energy transfer process occurs
through a direct route [52, 48]. Furthermore, there exists a relative lack of knowledge
regarding how thermal energy is conducted in van der Waals bonded organic molecular
crystals in relation to “simple” atomic crystalline materials such as Si or Ge.
Highlighting the possible shortcomings of the existing kinetic theory for thermal
transport in molecular crystals is the extremely low thermal conductivity of a-RDX,

TATB, and f-HMX, <1 W/m-K [145, 146]. Such values are more akin to

5 portions of this Chapter appear in G. Kumar, F. G. VanGessel, D. C. Elton and P. W. Chung,
"Phonon Lifetimes and Thermal Conductivity of the Molecular Crystal a-RDX," MRS Advances, pp. 1-
9, 2019. AND

G. Kumar, F. G. VanGessel and P. W. Chung, "Bond Strain and Rotation Behaviors of Anharmonic
Thermal Carriers in a-RDX," Propellants, Explosives, Pyrotechnics, vol. 45, no. 2, 2019.
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conductivities observed in amorphous or glassy materials than in atomic crystalline
systems. A similar phenomenon of ultralow thermal conductivity has been observed
in certain inorganic perovskite and selenide compound crystals [147, 148]. Theoretical
and experimental studies of both of these systems have shown a breakdown of Peierls-
Boltzmann theory [148, 149, 77], which is based on a partial Hamiltonian and breaks
down when the full crystal Hamiltonian is sufficiently anharmonic [150]. Peierls-
Boltzmann is a popular approach for the calculation of bulk thermal conductivity in
crystalline solids, often calculated through the so-called phonon gas model (PGM) [79,
83, 85, 86, 87, 84, 88]. The breakdown of the PGM in the perovskite and selenide
compounds has been linked to the strong anharmonicity present in those systems.
Molecular crystals, notably RDX, possess similarly large unit cells that generally have
a highly anharmonic Hamiltonian. Therefore, the PGM, as well as alternative thermal
conductivity models, must be evaluated for their accuracy in modelling phonon
mechanisms in molecular crystals. Only then will it be possible to elucidate the manner
in which phonons store, transport, and transfer energy in complex molecular crystalline
systems.

In this Chapter, we evaluate the strength of anharmonic coupling in the
molecular crystal RDX via the phonon lifetimes. Subsequently, using harmonic and
anharmonic phonon properties, we evaluate three thermal conductivity models, namely
the PGM [79], Cahill Watson and Pohl (CWP) model [151], and Allen and Feldman
(AF) model [152]. We assess the accuracy of these models in estimating the thermal
conductivity of RDX by comparing them with values obtained from Green-Kubo

molecular dynamics (GK-MD) [145]. The PGM has been shown to give excellent
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predictions of bulk thermal conductivity in a wide range of simple atomic crystalline
systems [85, 86, 87, 98, 84, 88, 153]. In contrast, the CWP model was initially
developed for application to weakly disordered (i.e., mixed species such as in alloys)
crystals [151], but has been shown to provide better predictions than the PGM model
for certain Se-based compounds [148]. Finally, the theory of Allen and Feldman [152]
was initially developed for disordered phases in which heat transfer is diffusive in
nature. However, it has been shown that significant heat currents may be carried by
diffusive modes in certain “complex” crystalline materials [149].

In the following sections, we present the calculation details for estimating the

thermal conductivity using the PGM, CWP, and AF models respectively.

5.1 Phonon Gas Model

The nature of thermal transport in simple crystalline materials is well
understood using the Phonon Gas Model (PGM) [79, 82, 83, 81] which treats phonons
as quasi-particles carrying energy Aw and their transport is modeled in a manner similar
to gases [80]. The calculation of thermal conductivity requires knowledge of harmonic
(phonon mode specific heat, frequencies and group velocities) and anharmonic
(phonon scattering rates and lifetimes) phonon properties over the entire Brillouin zone.
The thermal conductivity tensor based on PGM is obtained from a sum over the

contributions of all phonon carriers [79, 83]

Kpey = Z Copvge Ag (81)
%
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where Cg is the phonon mode specific heat, v, 4 is the phonon mode group velocity
and Ay is the phonon mode mean free path. For an accurate calculation of the thermal
conductivity, we use a uniform sampling of 15 x 15 x 15 wavevectors within the first
Brillouin zone for calculation of the harmonic properties. Due to the relatively larger
computational cost of calculating phonon lifetimes on a 15 x 15 x 15 size RDX
supercell, we took only the T point (0,0,0) lifetime values calculated using the NMD
technique. This simplification was justified in part through more refined calculations,
where we saw that the average I' point phonon lifetimes were within ~7% of the value
at the BZ edge. Table 5.1 shows the predicted k), 0f a-RDX along 3 crystallographic
directions using PGM, along with the GK-MD value [145]. As GK-MD considers all
phonon modes and all higher order anharmonic interactions, we consider it a good
source for the reference thermal conductivity to compare against alternative calculation
approaches based on the same molecular potential.

PGM clearly under-predicts the thermal conductivity of a-RDX by an order of
magnitude. To understand the cause of this discrepancy we appeal to the underlying
assumptions of the PGM, which assumes that a phonon wavepacket interacts only
weakly with other phonons and therefore propagates a large distance before
experiencing a scattering event. Quantitatively, this corresponds to the requirement that
the phonon MFP be much larger than the lattice constant, i.e., the phonon wave packet
must “sample” the periodicity of the lattice [154]. In Figure 5.1, we plot the phonon
MFP with respect to frequency and compare this value to the average lattice constant
in RDX. Except for a relatively small fraction (< 1%) of low frequency phonon modes,
the vast majority of carriers have a MFP smaller than the lattice constant, i.e., these
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carriers fall within the loffe-Regel regime [155]. Thus, for these diffusive carriers the
PGM is not a valid descriptor for how they transport thermal energy and therefore
under-predicts their contribution to thermal conductivity. We note that in [75] analysis
of propagating and diffusive carrier contributions to thermal conductivity were
calculated within the PGM framework. However, in that study the phonon lifetime was
treated as a fitting parameter in order to match the GK-MD values of k. It is clear that
an accurate thermal conductivity model for molecular crystals should account for the

highly anharmonic, diffusive thermal carriers present in these systems.

Model a, a, as
Kpom 0.014 0.011 0.023
KGK—MD 0.387 0.353 0.394

Table 5.1 Thermal conductivity estimate in RDX along three principal crystallographic

directions using PGM and GK-MD (units of W/mK).
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Figure 5.1 Comparison of phonon MFP to average lattice spacing in RDX. Majority of
the carriers have a mean free path smaller than the lattice constant indicating a strong

anharmonicity and a dominant diffusive heat transfer mechanism.

5.2 Cahill-Watson-Pohl Model

The CWP formula [151] was initially developed to describe the low thermal
conductivity observed in crystalline alloys where the lattice structure remains intact but
there is randomness in regards to the species lying at each lattice site. It can account
for the dispersive nature of the acoustic mode carriers. Recently, the CWP model has
been successful in predicting a qualitatively accurate thermal conductivity versus
temperature trend in a Se-based compound with zero disorder. The improvement over
PGM was due to the treatment of carriers that fall below the loffe-Regel limit with the
CWP model, while propagating carrier contributions were still calculated using the

PGM. The CWP model for thermal conductivity is [151]
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1 2 92 3,x
T\3 2 T T Xx°e
K = (=) Kgn3 E c (—) ———dx (82)
CWP (6) B 4 A 0, o (e —1)2
where the sum is restricted to the 3 acoustic phonon branches, indexed by 4, c; is speed

of sound, n is the number density of atoms, and 8, = v, (ki) (6n2n)§. Applying the
B

CWP formulato RDX yields a conductivity estimate of 0.167 W/m-K. This is still 50%
of the averaged x predicted using GK-MD which is ~ 0.378 W/m-K [145]. Although
CWP performs markedly better than PGM, the disagreement with GK-MD is still
relatively large. The cause is that the CWP model only accounts for the dispersion
contributions in the three acoustic branches. However, due to the large number of
optical modes, and small interband spacing, a significant fraction of heat is carried by
the optical branches through coherence or non-diagonal effects [149, 150, 154]. This
leads us to apply the AF model in order to account for such contributions to thermal

transport in a-RDX.

5.3 Allen-Feldman Model

Due to the majority of a-RDX carriers falling in the loffe-Regel regime, the
phonons likely carry thermal energy in a manner more akin to amorphous solids than
atomic crystals. To test this, we applied the theory of Allen and Feldman (AF) which
was originally developed for disordered systems such as amorphous solids, alloys, etc.
[152]. In this model, heat is assumed to move by coherences, i.e. interband effects and

the scalar thermal conductivity x is calculated as [152]
1
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Here D, is mode diffusivity defined as
Pr=g
V2 2
(oY

where Sy, is the off-diagonal term of the heat current operator [150] and § is the Dirac

delta function that enforces energy conservation. The diffusivity is an intrinsic property
of the normal modes and requires no assumption about the propagating nature of the
phonons, such as in the PGM. We calculate the phonon mode diffusivity using a
3 x 3 x 3 supercell in GULP [102]. Thermal conductivity from the AF approach is
0.354 W/m-K which is within 6% of the GK-MD estimate [145], see Table 5.2 below.
The marked improvement of the AF prediction of k relative to PGM and CWP indicates
strongly that diffusive like carriers contribute to the majority of thermal transport in a-
RDX.

Within the AF theory, we can break down the contributions to x4 by individual
carrier’s accumulation and by each carrier separately. The modewise thermal
conductivity contributions and diffusivity values are shown in Figure 5.2 and Figure
5.3 respectively. The cumulative thermal conductivity with respect to frequency is
shown in Figure 5.4. We observe that the majority of heat is carried by low frequency
phonon modes and the contribution from high frequency modes is negligible.
According to Figure 5.4, 11% of the low frequency modes account for 90% of the
total k. We also found that ~70% of k contribution can be attributed to optical mode
phonons, primarily low frequency optical phonons which are neglected in the CWP
model. This is a consequence of the fact that high frequency optical phonons have very

small specific heat (C4, — 0 when hwg >> kgT) which combined with their relatively
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small diffusivity results in very small contribution to «. It is also interesting to note that
the AF theory considers heat transport due to the off-diagonal terms of heat current
operator, which are non-propagating, while PGM considers heat transport via
propagating phonon carriers (i.e., diagonal component) [149]. Within the unified
approach [149], the propagating and non-propagating contributions are additive
(termed the Peierls and coherence contributions respectively in that work). Thus, if we
combine contributions from both k,z and kpsy, We obtain a thermal conductivity
of 0.371 W/m-K which is within 2% the GK-MD prediction. Note that this comparison
may suffer from insufficient BZ sampling as a 3 x 3 x 3 supercell was used for AF
approach while using 15 x 15 x 15 grid of wavevectors was used for calculation of
the propagating contribution. However, it is evident that both propagating and diffusive
carriers contribute substantially to thermal transport in a-RDX, where the diffusive

component is dominant, contributing 95% to the total thermal conductivity.

KGk-MD Kar Kcwp KpGm Kar + Kpeum

0.378 0.354 0.167 0.017 0.371

Table 5.2 Comparison of x predicted by different thermal conductivity models (units

of W/mK).
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Figure 5.2 Modewise thermal conductivity estimate using the AF model. The lowest
frequency modes, which includes a large number of optical branches, contribute the

most to the thermal conductivity.
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Figure 5.3 Modewise diffusivity values (calculated using the AF theory) with respect
to frequency in RDX. The lowest frequency modes are estimated to have the highest
diffusivity which explains a large contribution of these modes to the lattice thermal

conductivity.
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Figure 5.4 Cumulative thermal conductivity with respect to frequency estimated using
AF model in RDX. Low frequency modes below 4 THz are estimated to contribute
over 90% to the total thermal conductivity. A significant contribution to the thermal

conductivity comes from the optical phonons (~70%).

In this Chapter, we have presented our findings on the nature of thermal
transport in the complex molecular crystal RDX. Analysis of the phonon linewidths
and lifetimes indicate that RDX is a highly anharmonic crystal. The inability of the
PGM to accurately estimate thermal conductivity indicates that the strong
anharmonicity leads to a breakdown of the Peierls picture for thermal transport. For
RDX, Allen-Feldman harmonic theory performs the best. This result is intuitive as AF
theory involves fewer assumptions than PGM or CWP. We observed that low
frequency optical phonons play a significant role in carrying heat in RDX. It is notable
that these results suggest that diffusive carriers are the primary mechanism of heat

transport in RDX, where propagating phonon modes contribute less than 5%. Similar
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phenomena involving a partitioning of thermal transport between diffusive and
propagating modes have been previously observed in inorganic crystalline materials
[148, 149]. However, the relative contribution of diffusive carriers in RDX is
significantly larger than previously observed in other crystalline systems. We suspect
these observations regarding the nature of heat transfer in a-RDX will extend to other
organic molecular crystals, particularly those with applications to energetics
technology. In such systems, accurate description of thermal transport requires
accounting for both acoustic and optical phonon bands, as well as both propagating and

diffusive phonon modes.

5.4 Thermal Conductivity and Bond Distortions

In this section, we show the contributions of different crystal distorting modes
to heat conduction in RDX by comparing the contributions of individual phonon modes
to bond strain and rotation as calculated in Chapter 3 to the modewise thermal
conductivity estimates obtained from the AF theory. To further illustrate the relative
importance of different phonon modes in distorting the crystal, the modewise
contributions to bond strain and rotation weighted by thermal conductivity are
calculated as

weighted __ K¢,AF€p,¢,rms

p,,rms 24) K(p,AF (85)
ighted K¢,AF:8¢>,rms
Borms = (86)

Z¢ Kg.AF
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A weighted __ K¢.AFAap,¢,TmS

87
p,¢p,rms y & K AF (87)
i K AFA(D ¢d,rms
Acl)Welghlted — o, .}, 88
prms =y (89)
weighted __ K(P,AFAq)p,im,cp,rms
Aq)p,im,d),rms - (89)

Zcp Kp.AF

The modewise contributions to crystal distortion (€p¢rms: Bprms AUp g rmss
ADy 4 rmsr APy im prms) VS Kp ar are shown in Figure 5.5, Figure 5.6, Figure 5.7,
Figure 5.8 and Figure 5.9. The kg 4 Weighted modewise contributions to crystal
distortions vs phonon mode frequency are shown in Figure 5.10, Figure 5.11, Figure
5.12, Figure 5.13 and Figure 5.14. We find that the modes corresponding to large bond
strain and bond rotation contribute significantly more to thermal conductivity. In fact,
just as low frequency modes (up to ~4 THz) contribute ~90 % to total bond strain, we
also observe that the same low frequency modes (up to ~4 THz) contribute ~90 % to
the total thermal conductivity. Since the low frequency modes are often characterized
by large strain and rotation of N — N and N — O bonds, we believe that large
deformations of the nitro groups occuring throughout the crystal are responsible for
carrying significant amounts of heat in a-RDX.

Fried et al. [53] and Ye et al. [56] studied energy transfer rates in various
secondary explosives (SEs) such as a-RDX, HMX, PETN etc and observed a
correlation between energy transfer rate and impact sensitivity of SEs. Namely, SEs
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with higher total energy transfer rate over all frequencies are also more sensitive to
impact. They also observed that low frequency vibrational modes correspond to high
energy transfer rates and therefore will be critical in determining the sensitivity of SEs.
Based on the relatively large strain of the N — N and N — O bonds and the trends
observed in Figure 3.11 and Figure 5.5, the N — N and N — O bonds are likely to play

a proportional role in mechanisms associated with heat conduction, heat storage, and

cook-off.
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Chapter 6: 3-phonon Scattering Pathways for
Vibrational Energy Transfer in RDX®

Considerable efforts have studied the initial decomposition and initiation
mechanisms in EMs where mechanical energy input creates conditions in the material
that make it more susceptible to bond rupture and possible self-sustaining chemical
reactions. Early efforts to study the thermal decomposition route by Robertson
suggested that the primary reaction step involved the transfer of an oxygen atom from
the nitro group to a neighboring carbon atom followed by the elimination of CH20 and
N20 [20]. Based on the rapid initial production of NO2, Rauch et al. suggested that the
first step in the gas phase decomposition of RDX is the homolytic fission of the N-N
bond [21]. Other works have also suggested N-N cleavage and HONO elimination to
be more likely than other reaction routes such as C-N S-scission, oxygen insertion,
nitro-nitrite isomerization, etc. [22, 23, 24, 25, 26, 27, 28, 29, 30]. Based on electronic
structure calculations, barriers to N-N fission and HONO elimination are estimated to
be significantly lower than other mechanisms [31, 32, 33]. Between N-N fission and
HONO elimination, fission proceeds via a so called loose transition structure and is
entropically favored [34]. In a recent study by Schweigert who performed a
unimolecular dynamics simulation of RDX for a sampling temperature of 2000 K, N-
N fission was found to be the dominant reaction mechanism, especially above ~1250

K [35]. Bowden and Yoffe [36, 37, 38] showed that the bulk heating of the material in

® Portions of this Chapter appear in the preprint: G. Kumar, F. G. VanGessel, L. B. Munday and P. W.
Chung, "3-phonon scattering pathways for vibrational energy transfer in crystalline RDX", J. Phys.
Chem. A, 2021.
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shocked energetic crystals is insufficient to describe the initiation processes. As a
result, the concept of localization of energy into highly concentrated regions, called
hotspots, was developed [37, 39, 40, 41]. Subsequently, to explain the localization of
energy, a mechanism of energy transfer via multi-phonon up-pumping was postulated
[42, 43, 44, 45]. This model assumed that mechanical energy from the shock excites
the low frequency phonons which results in a rapid increase in their population. The
energy from these low frequency modes is then scattered into the mid-frequency
modes, referred to as doorway modes, via phonon-phonon scattering. The energy from
the doorway modes is, in turn, transferred into the high frequency intramolecular
vibrations which is believed to increase the population and energy of internal molecular
vibrations beyond bond dissociation limits. This picture of energy transfer meant that
the mid frequency doorway modes are critical for phenomena leading to initiation in
energetics. The model was further extended by Dlott and co-workers who studied
terahertz excitation in molecular solids, measured by ps timescale vibrational
spectroscopy, and included a description of localization of energy at crystal defects [46,
47, 48, 49]. Dlott et al. concluded that the rate of up-pumping of energy depends on the
number of doorway modes and the Gruneisen parameter values which are indicative of
the strength of anharmonic coupling between the modes [50].

For the up-pumping model for initiation to work, strong scattering must occur
among a) modes at the low frequencies close to the frequencies associated with
mechanical shock, b) the frequencies of the modes believed to serve as the doorway
modes, and c) the modes associated with the largest distortions of the bonds, so-called

vibrons, likely to possess dissociation energies which, when released, can sustain
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exothermic reactions. Aubuchon et al. [51], in their work on modes that result in
asymmetric stretching of the nitro functional group (N0,) in TNAZ, RDX, HMX, and
CL-20, suggested that the relaxation of the intra-molecular vibrons occurs through a
pathway involving a combination of high frequency (> 400 cm™) modes. Other works
have also posited that the energy transfer process may occur through a direct route
simply due to the NN activity found in low frequency eigenmodes without intermediate
energy transfer or the involvement of doorway modes [52]. A definitive understanding
of multi-phonon mechanisms in energetic materials therefore is needed. It requires a
detailed determination of vibrational energy transfer of not only the relaxation behavior
of individual modes but a complete picture of mode-to-mode scattering that may drive
energy through the intrinsic scattering network.

Much progress has occurred toward this goal motivated by early interest in the
relationship between vibrational energy transfer and sensitivity. To calculate the total
energy transfer rate into vibron bands, Fried and Ruggiero [53] derived a simple
formula in terms of the density of vibrational states and the vibron-phonon coupling,
which were calculated using existing inelastic neutron scattering data. They studied
TATB, y and g-HMX, RDX, Pb-styphnate, Styphnic acid, and Picric acid, and
observed that the estimated energy transfer rates in pure unreacted material are several
times greater in sensitive explosives than in insensitive explosives. Following Fried
and Ruggiero’s formula, Koshi and co-workers investigated a broad range of EMs
including PETN, HMX, RDX, Tetryl, TNT, FOX-7, ANTA, PN, NQ, and DMN, and
observed a good correlation of the energy transfer rates with the impact sensitivity [54,

55, 56]. Similar observations were made by Bernstein [57], Joshi et al. [58], and
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McNesby et al. [59] who investigated the rate of energy transfer from the low frequency
phonons to the higher frequency vibrons. Aubuchon et al. used IR pump-probe
spectroscopy to show rapid relaxation (2 to 6 ps time scale) of the asymmetric
stretching mode of the nitro functional group (NO,) of several molecules used in
TNAZ, RDX, HMX, and CL-20 [51]. Ostrander et al. also used IR pump-probe
spectroscopy to study the asymmetric stretching of the nitrate ester groups in PETN
thin films and observed a 3.7 ps decay, attributing this decay to rapid energy transfer
due to intermolecular vibrational coupling [60]. Numerous other works have explored
the role of various crystal distorting modes in the transfer of energy in EMs [52, 61, 62,
63, 64, 65, 66, 67]. These works provide useful insights into the phonon modes which
can be critical in phenomena leading to initiation and have motivated investigation of
the critical bond stretching and bending modes.

A significant challenge in the development of a complete phonon picture of up-
pumping has been the lack of a quasiparticle model that accurately accounts for third
(and higher) order terms in the Hamiltonian vis-a-vis Fermi’s Golden Rule [68] across
a larger range of the Brillouin zone. But with the perpetual development of advanced
computational architectures, efforts have been made to calculate the anharmonic
phonon properties more accurately to model the energy transfer between the vibrational
modes. Early efforts were based on approximations to the anharmonic terms that made
it possible to overcome the computational costs at the expense of making it difficult to
generalize the consideration of distinct phonon modes. Hooper developed a parametric
expression for transition probabilities for nitromethane, RDX, and HMX that require

assumptions including the Single Mode Relaxation Time Approximation (SMRTA),
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the applicability of Debye’s model for the pDOS, the occupation numbers being
independent of frequency, and that only modes of equal frequency can scatter [69].
Long and Chen calculated phonon-phonon scattering rates in TATB by developing a
stress-frequency relationship as a means of representing anharmonic effects without
the high computational cost of a 3-phonon scattering Hamiltonian [70]. Michalchuk et
al. studied the sensitivity of a wide range of EMs using a 3-phonon scattering model
derived from Fermi’s Golden Rule (FGR) [71]. This work was built on the so-called
average anharmonic approximation [72], which reduces the computational cost by
assuming that all elements of the cubic anharmonic matrix V(® are equal. Recently,
however, estimates of thermal properties based on quasiparticle models have shown
that a more complete representation of carriers in the Brillouin zone may be necessary
for the accurate modeling of phonon mechanisms. Kumar and coworkers showed that
the thermal conductivity of energetic crystals like RDX can be dominated by non-
acoustic carriers, which constitute the majority of the phonon modes [73], and that
modes outside of the acoustic bands can contribute substantially to NN and other
intramolecular bond distortions [74, 75]. These observations suggest that the use of
approximations that otherwise reduce the complexity of the rich set of optical modes
in these materials may omit important contributions from a large number of modes to
the transfer of vibrational energy.

In this work, the perturbation theory is used to calculate the 3-phonon scattering
rates and the mode-to-mode scattering rate matrix for all modes in the energetic

material RDX under ambient conditions. The role of all phonon modes in the transfer
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of vibrational energy is investigated with full consideration of the statistical nature of

scattering and the probabilistic mode-to-mode transfer of energy.

6.1 Mode-to-Mode Phonon Scattering Rates

Due to the present consideration of the discrete phonon modes, each term in the
sum of the phonon mode scattering rate in Eqg. (54) can be evaluated and examined.
Namely, we can breakdown the sum Iy = Y., I 4, t0 understand the mediating role
of all other modes on the relaxation of a given mode ¢,. Thus, the mode-to-mode
scattering rate (contribution of ¢4 to the relaxation of the ¢,) is the part of Eq. (54)

involving the sum over all ¢, namely

Ty, ¢, = Z¢2 {% (1+n§ +nd )L+ (ng — ng,3)L+} (90)
Since, during both the absorption and emission processes ¢, is annihilated and ¢ is
created, this definition of I, 4. provides the rate of energy transfer from ¢, to ¢, as
mediated by all allowable 3-phonon scattering events involving ¢,. Thus, the
contribution of any ¢5 to energy transfer rate of ¢, is calculated as

0Ey, ¢,
at

= _n:ﬁ1hw¢1r¢1.¢3 (91)

OEp,,¢3

For a given ¢, we see that or

is directly proportional to I, 4. through a linear

relationship. Furthermore, due to the mediating role of ¢, and the conservation rules,
the scattering rates are not necessarily symmetric with respect to ¢, and ¢5; namely
the effect of scattering involving ¢5 on the occupation of ¢ is unequal to the scattering

involving ¢, on the occupation of ¢5.
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It is noteworthy that relationships analogous to Egs. (90) and (91) cannot be
developed for the scattering and flow between ¢, and ¢,. This is because of two
reasons. Firstly, notice that the while the emission term is symmetric with respect to
¢, and ¢, the absorption is not symmetric. Thus, a directionality is implied in the use

of FGR. This is because wg, must always be greater than wy, to ensure energy is

conserved during absorption. As a result, ¢, must be cooled if ¢ is heated. Thus, in
every phonon triplet in this model, ¢, is the originating mode, ¢, is the mediating
mode, and ¢ is the target mode. Secondly, while emission can create ¢,, the
absorption process will also annihilate ¢, and therefore a mode-to-mode scattering rate

defined between ¢, and ¢, I, 4,, cannot be directly related to the net rate of transfer

of energy from ¢, to ¢,; the scattering rate counts event probabilities but does not
determine the net change to the energy unless all terms in the energy rate are of the
same sign, as is the case for the relationship between ¢, to ¢5.

Finally, to facilitate the study of scattering involving large numbers of modes,
the bands defined in Table 3.2 are used to define scattering in a band-averaged sense.
We extend the use of SMRTA by imagining all modes in a band are perturbed one at a
time and their subsequent scattering behaviors are analyzed using averages. The target
modes ¢ can also be grouped in bands. In this way, bandl corresponds to ¢, while
band3 corresponds to ¢5. The average percent contribution of any band3 to the

scattering rate of any band1 is then determined from the individual modes using

[LandLband3

1 Z 100 Z¢3Eband3 F¢1,¢3 (92)

~ no. of modes in band1 Iy

¢.€band1 1
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To account for the unequal number of modes in the bands, band-to-band scattering rates

weighted by the number of modes in band 3 are also used

I-.weighted _ I—;Jandl,band3 (93)
bandlband3 — no of modes in band3

6.1.1 Mode-to-Mode Energy Transfer Results

Mode-to-mode scattering rates are needed to identify the modes that are
responsible for the majority of energy transfer into or out of any particular mode of

interest. The mode-to-mode scattering rates (I3, 4.) are shown in Figure 6.1 and the

band-to-band scattering rate contributions (I qnq1 pang3) are shown in Figure 6.2.

The results indicate a sub-picosecond relaxation of the nitro group wagging and
rotation modes (bands 2 and 3) which was also suggested by Aubuchon et al. [51].
Aubuchon et al. also observed a relaxation time of 6.2+0.4 ps for the asymmetric
stretching of the nitro group (band 18) as compared to the 2.19 ps relaxation time
estimated in this work. Ostrander et al. observed cross- peak dynamics of ~2 ps and
anisotropy decay of ~400 fs while probing the nitro group asymmetric stretching mode
in PETN and attributed the ps decay to the rapid intramolecular vibrational energy
transfer [60]. This is consistent with our observations in RDX where the high frequency
intramolecular modes in bands 15-18 contribute ~40% to the scattering of band 18
(shown in) with relaxation times up to 2.19 ps (shown in ). Our results indicate that the
sub-picosecond anisotropy decay could be due to scattering of the nitro group modes
with the low frequency phonon modes up to 192 cm™ which exhibit relaxation times
up to 370 fs and account for over 57% of the scattering of band 18 modes as shown in.

Similar observations were made by Ramasesha et al. who used ultrafast infrared
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spectroscopy to probe a narrow band at 1533 cm in thin film RDX [156]. Following
the excitation, instantaneous vibrational energy transfer (within 200 fs) to all modes
was observed, indicating a strong anharmonic coupling of the mode at 1533 cm™ with
all other modes in RDX. This instantaneous energy transfer could be due to the high
mode-to-mode scattering rate between the low frequency modes (0 to ~192 cm™) and
the nitro stretching mode in band 18 (band 18 being ¢,) as shown in Figure 6.1 as well
as, indirectly, due to scattering of other modes by these low frequency modes.
Ramasesha et al. also observed energy transfer dynamics up to 10 ps for modes in the
800 to 900 cm™* and 1200 to 1600 cm™ regions, and over 100 ps dynamics for NO2
stretching, NN stretching and CN stretching modes [156]. Such large relaxation times
can be explained by the mode-to-mode scattering rates on the order of 10 to 10 ps*
between band 18 and bands 11-17 as shown in. The large relaxation times could be due
to the relatively weaker anharmonic coupling and lower number of 3-phonon scattering

events for these modes as shown in Figure 4.5 and Figure 4.6. The band-to-band

. . . weighted H :
scattering rate contributions I, qna1,panas @Nd Iygna1 panas @€ shown in Figure 6.2 and

Figure 6.3 respectively. These results indicate that the low frequency modes in bands
1-3, which constitute ~12% of the total number of modes in RDX, are responsible for
the majority of scattering of all the modes, accounting for 67.3% of the mode-to-mode

scattering rates (Iy,4,) averaged over all modes ¢,, calculated as

L Y4, 100 2gscband 12509185 |y contrast, the mid frequency bands 4-16,

total no.of modes e,

which constitute ~60% of the total number of modes, account for 24.3% of the mode-
to-mode scattering and the high frequency bands 17-20, which constitute ~28% of the

total number of bands, account for 8.4% of the mode-to-mode scattering averaged over
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all modes ¢,. The trivial contribution of the high frequency modes to vibrational
energy transfer is due to their weak anharmonic coupling and lack of participation in
3-phonon scattering as shown in . indicates that perturbing the low frequency modes
up to 102 cm™ results in over 99% of the vibrational energy transfer to other low
frequency modes up to 102 cm. Further, perturbing the modes up to 424 cm™ results
in less than 0.5% vibrational energy transfer to the NN bands. Perturbing the modes in
band 8 (457 to 462 cm™) results in 5.16% energy transfer to the NN bands. However,
the majority of energy transfer to the NN bands occurs when phonons in bands 12, 13,
14,16 and 20 are perturbed resulting in 34.5%, 30.3%, 56.3%, 20.6% and 12.8% energy
transfer to the NN bands, respectively. This indicates that perturbing the very low
frequency lattice modes results in transfer of energy to other low frequency modes only
and that the mid-frequency modes must be excited in order to transfer the vibrational
energy to the NN stretching modes. These results strongly indicate that the modes in
these bands are the likely doorway modes in RDX.

Based on the results in Table 4.1 and Table 6.1, the following up-pumping
pathway is suggested: Low frequency modes up to 50 cm™ transfer ~4.8% of the
vibrational energy to the modes between 50 and 102 cm™. The energy transfer from
these low frequency modes lasts for less than 0.16 ps which is the highest relaxation
time of phonons in the frequency range 0 to 102 cm™. Next, the mid frequency modes
from 102 to 1331 cm, which include the ring, nitro, and nitramine distortion modes,
further up-pump the vibrational energy until it reaches the NN bands. Among the mid
frequency modes, the NN stretching and CH2 rocking contained in band 14 transfer the

largest amount of energy to the NN bands (56.3%). This is followed by band 12
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(34.5%) and band 13 (30.3%) which correspond to NN and CN stretching. Although
the relaxation time of the mid frequency modes can be as small as 5.6 ps, the energy
transfer process may occur over hundreds of ps due to smaller average mode-to-mode
scattering rates. Finally, the high frequency modes from 1475 to 2910 cm™ scatter and
redistribute a small fraction of the vibrational energy to all other modes. The energy
transfer from these high frequency modes is slow with relaxation times over 2000 ps.

Figure also indicates that when all of the modes in the NN bands 8, 11, 12, 13,
14 and 16 are perturbed one band at a time, the low frequency modes in bands 1-3
combined contribute to the scattering ~54%, ~84%, ~57%, ~65%, ~38%, and 65%,
respectively, resulting in a rapid flow of energy out of the NN bands and vibrational
cooling of the NN stretching modes. Likewise, the contribution of the mid frequency
bands 4-16 combined are ~46%, ~16%, ~43%, ~35%, ~62%, and ~35%, respectively.
The highest frequency bands 17-20 appear to neither heat nor cool the NN bands.

A large number of 3-phonon scattering channels is available to the low
frequency modes up to 102 cm™. These modes are highly anharmonic and therefore
scatter quickly and redistribute the majority of any nonequilibrium energy to other low
frequency modes within 160 fs. Similar fast energy transfer dynamics were also
observed by Cole-Filipiak et al. [64] who reported vibrational energy transfer to all the
modes in PETN within 200 fs following excitation of the nitro group asymmetric
stretching mode at 1660 cm™. This could have resulted from the rapid vibrational
energy transfer to the highly anharmonic low frequency modes. In addition, the
transient spectra of the modes in PETN presented in [64] show strong absorption within

1 ps timescale. Such fast energy transfer dynamics, which are commensurate with the
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sub-picosecond relaxation times of the low frequency molecular translation modes,
indicate the primary role played by these modes in vibrational cooling of the NO2 and
NN stretching modes. Although the quantitative contribution of the low frequency
modes in energy transfer is not well-studied, our results indicate that among the low
frequency modes, band 1 modes contribute more to the vibrational cooling of other
modes than band 2 or 3. Averaged over all first phonon modes (¢,), the contribution
of band 1 to the mode-to-mode scattering rate is 4.55 times larger than the contribution
of band 2 and 14.65 times larger than the contribution of band 3. That is, modes in band
1 have the tendency to be the target of much of the energy from scattering events that
cool other modes.

The vibrational energy transfer pathways via 3-phonon scattering identified in
this work suggest that a unit of energy imparted to the lowest frequency modes under
equilibrium would result in an instantaneous transfer of energy directly to all other low
frequency vibrational modes up to 102 cm™. A negligible amount of energy is
transferred directly from the lowest frequency modes to the NN stretching modes. The
transfer of energy from the low frequency modes to the NN stretching modes likely
travels through mid-frequency doorway modes. Although the current use of
equilibrium conditions does not accurately imitate the material behavior under shock,
qualitative conclusions can still be drawn regarding the strength of phonon-phonon
scattering and the likely pathways of energy transfer in molecular crystalline solids.
The accuracy of the model can also be improved at the cost of computational resources
by including higher order anharmonic terms in the Hamiltonian (4-phonon scattering

or higher) which become increasingly important at higher temperatures. Further
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improvement can be achieved by sampling the entire Brillouin zone using a larger
number of kpoints, and by lifting the single mode relaxation time approximation to
accurately model the change in phonon population and the anharmonic coupling
between the modes. In addition, use of more accurate quantum mechanical models like
Density Functional Theory to model the interaction between the atoms and molecules
can provide greater insights into the physical and chemical processes that may lead to

critical vibrational energy transfer mechanisms in energetics.
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Figure 6.1 3-phonon mode-to-mode scattering rates (I3, 4., ps-1) for all modes in
RDX. Low frequency modes up to 102 cm™ have the highest mode-to-mode scattering
rates averaged over all modes ¢,. The figure represents a total of ~12 billion pathways
for vibrational energy transfer between the phonon modes in RDX and the colors

represent the energy transfer rate (scattering rate) for all possible pathways.
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Table 6.1. 3-phonon band-to-band scattering

rate contributions (I,ana1 panaz, %)

Rows represent band1 and columns represent band3. Each column represents the

percent contribution of that band to the scattering rate of the phonons in the

corresponding rows.

105



Band index of third phonon

Band index of first phonon

Figure 6.2. Colors represent Band-to-Band scattering rate contributions ;4,41 panas-
The majority of energy leaving the low frequency bands gets deposited into other low
frequency bands, and the energy must reach the mid-frequency bands which then

redistribute a substantial amount of the energy to the NN active bands.
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Figure 6.3. Colors represent Band-to-band scattering rate contributions weighted by the

. weighted
number of modes in band 3, I},;,,41 panas-

6.1.2 Conclusion

An FGR-based 3-phonon scattering model is used to calculate the mode-to-
mode scattering rates in crystalline RDX. The low frequency modes up to 102 cm™
scatter quickly and transfer over 99% of its nonequilibrium vibrational energy to other
low frequency modes up to 102 cm™ within 0.16 ps. These low frequency molecular
vibration modes have a low scattering probability with NN stretching modes. The mid
frequency modes between 457 and 462 cm™, and between 831 and 1331 cm™ are
responsible for the majority of energy transfer to the NN stretching modes, within 5.6
ps, and are therefore the likely doorway modes. Furthermore, the low frequency modes
up to 102 cm? dominate vibrational cooling, receiving 38% to 65% of the

nonequilibrium energy scattered out of the NN stretching bands. The mid-frequency
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modes from 102 to 1331 cm™ also contribute substantially, though to a lesser degree,
to the vibrational cooling of the NN bands. The highest frequency modes have the
lowest contribution to vibrational cooling due to their trivial participation in 3-phonon
scattering. The timescales associated with these modes is over 2000 ps. Based on these
observations, the mid-frequency modes are the most critical for vibrational heating of
the NN stretching modes and phenomena leading to initiation in energetics and, in
contrast, the low frequency modes up to 102 cm™ dominate vibrational cooling of the

NN stretching modes.
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Chapter 7: Mode-selective Stimulation of Phonons:
A Numerical Experiment

The 3-phonon scattering rates and mode-to-mode scattering rates calculated in
Chapters 4 and 6 provide a detailed picture of anharmonic interactions and vibrational
energy transfer between phonon modes in RDX and how these properties can affect
physical properties such as thermal conductivity as discussed in Chapter 4. For
instance, the lowest frequency modes have high modewise specific heat values and are
also the dominant carriers of heat in RDX, however, it is the mid-frequency doorway
modes that must be excited for the up-pumping of vibrational energy to the
intramolecular vibrations. In this chapter, we perform a numerical experiment to
investigate the effects of stimulating different Infrared (IR) active vibrational modes in
RDX (stimulating one mode at a time) on the vibrational energy transfer rates between
the modes. This may result in an enhancement or frustration of physical properties such
as thermal conductivity and diffusivity and, therefore, may have an influence over the

sensitivity of the energetic material.

7.1 Introduction

The desire to control material properties and discover new materials with exotic
properties such as high temperature superconductivity, a high figure of merit for
thermoelectrics, etc. has motivated a considerable effort to study the nature of

interaction between photons and phonons in perovskites, cuprates [157, 158, 159, 160,
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161], manganates [162, 163, 164, 165, 166, 167], piezoelectrics [168], optical [169,
170, 171], semi-conductor materials, etc. [172, 93, 173]. The use of strong optical
pulses in far-infrared to mid-infrared frequency range (0.1 to 100 THz) with optical
power ranging from milli-Watts to several Watts has emerged as a powerful tool to
control material properties in solid state and condensed matter systems [174, 175, 176,
177, 172, 93, 178, 179]. The excitation of material leads to a highly non-equilibrium
distribution of electrons or phonons (depending on the photon-matter interaction)
which relaxes via anharmonic scattering processes such as electron-electron, electron-
phonon, phonon-phonon scattering, etc. [95, 180, 96, 181, 182, 92, 183, 179, 178, 184].
In complex highly anharmonic systems, there exists a delicate balance between
different degrees of freedom such that small perturbations may result in significant
changes in material properties, or even phase transitions [184, 185]. As a result, optical
stimulation can be highly effective in tuning the material behavior, such as insulator-
to-metal transition, excitation of coherent orbital waves, crystal structure modification,
etc. [186, 187, 188, 189, 190, 191].

Recent advances in ultrafast infrared spectroscopy have enabled the
investigation of vibrational energy transfer dynamics in complex molecular crystals
such as energetics where crucial physical and chemical processes may occur on sub-
picosecond timescales [64, 65, 192, 156, 193, 194, 195, 196, 197]. The majority of
these studies have focused on shock-induced chemistry [195, 196, 197], or
investigation of vibrational energy transfer dynamics via probing certain vibrational
modes [64, 65, 156, 192, 193, 194] to form a more complete understanding of the

shock-to-initiation process in energetics. However, investigating every phonon mode
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in the system experimentally can be extremely expensive and time consuming, and
therefore a more thorough investigation can be performed using computational
techniques to provide useful insights into the relative importance of stimulating certain

phonon modes in controlling the physical properties of energetics.

7.2 Infrared-Phonon Interaction

In this Section, we discuss the theory of interaction between electromagnetic
radiation and lattice vibrations which can be used to stimulate the desired vibrational
modes and measure the effects of stimulation such as the amount of optical energy
absorbed, increase in phonon population, etc. The interaction between light
(electromagnetic radiation or EMR) and lattice vibrations can be understood through a
simple schematic shown in Figure 7.1, where the dipole moment of a molecule interacts
with the electric field of light resulting in stretching/ shrinking of bonds. The
probability of electromagnetic radiation interacting with molecules resulting in a
transition from an initial vibrational state to a final state can be described by solving
the Time Dependent Schrédinger Equation (TDSE). For EMR, the electric and
magnetic fields can be written as

E(r,t) = E,cos(k.r — wt) (94)

B(r,t) = B, cos(k.r — wt) (95)
where wavevector |k| = 2m/A where A is the wavelength of the EMR, E L B, and
|E,| = c|B,|, where ¢ = 2.99798 x 108 m/s is the speed of light in vaccum, and r

is a spatial vector. In case of IR radiation, the wavelength A > size of the molecule.
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Due to the large difference between A and size of the molecule, k.r terms in Eq. (94)
and (95) become negligible, and the electric and magnetic fields experienced by the
molecule can be assumed to be the same throughout the molecule. This is referred to
as The Dipole Approximation and as a result, the electric and magnetic fields can be
expressed using only the zero™ order terms as

E(r,t) = E, cos(wt) (96)

B(r,t) = B, cos(wt) 97)
The electronic component of the time dependent Hamiltonian can be written as

H(@) =H® + HDO (1) (98)
where Héo) is the zero™ order term, H®M(t) = —u - E(t) represents the first order
perturbation term, u is the dipole moment. Any initial quantum state W(t) can be

written as a linear combination of the zero order eigenstates y,, (t)

LGEWNOIAG (99)

n
where c,(t) are time dependent coefficients, n is an index for the eigenstates.

oy (t)

Substituting Eq. (99) into TDSE, iA o

=H ¥, we get
ih ) O YO+ QOO =H ) ex@OP® (100

The second term on the left hand side in Eq. (100) is equal to c,(t) % HO . (t)

where H© is the unperturbed Hamiltonian. Substituting this into Eq. (100)
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i

i ) [en® Yul®) = 1 B a0 (0]
" (101)
= Y a® (Bt HO®) $(®

n

The second term inside the summation on the left side of Eq. (101) is the same as the
first term inside the summation on the right side, and therefore they cancel each other

and Eqg. (101) can be simplified as

ih ) O Pald) = ) cn(® HOO) ha(® (102)

n

Multiplying both sides by ¢ (t) and integrating, where the subscript f denotes the final

state, the right side of Eq. (102) can be written as

PRICH RAGERIGINGEL (103)

n
Substituting H™(t) =V cos wt = V%(ei‘“t + e~i@t) where V is a square matrix

representing the anharmonic coupling between the vibrational modes, and ¢ (¢t) =

En—Ey
h

Y£(0) %e“"“nft, where w,; = , the expression in (103) can be written as

Z cn(t) f Y£(0) 1 V(e‘i (wnft —wt)
” 2 (104)

+ e—i (wnft+wt)) lpn(o) dt
The above expression is a resonance integral which will be non-zero only when w,, =

+w. This is referred to as the Gross Selection Rule of Infrared spectroscopy, i.e.

Egmr = Evipration- Therefore, when stimulating a phonon mode with energy fiw,, , the

frequency of the optical pulse also must be wg_.
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Assuming that the initial state is one of the eigenstates and using the above

simplification, Eq. (101) can be re-written as
T—oo

T
Cf(t) = lim ﬂf [e—i(a)ft —wt) + e—i(a)ft+a)t)] dt (105)
0

The probability of transition from an initial state i to a final state f can be calculated

as

Pr(t) = | ()|

T
-1 (a)ft —wt)
fo le (106)

el (wft+wt)] dt

Note that the expression in Eq. (106) defines a probability and therefore should always
be less than or equal to 1, however, the integral on the right side is greater than and
therefore a normalization must be done. However, we are interested in calculating the

rate of transition from the initial state i to the final state f (W};) which can be calculated

by taking the time derivative of Eq. (106)

2

Jim 23 |
The above expression provides the rate of transition from an initial quantum state i to
a final state fand is referred to as the Fermi’s Golden Rule. The first term inside the
square brackets on the right hand side represents the emission process and the second
term represents the absorption process.

Once the Gross selection rule is satisfied, the intensity of absorption line

(intensity of EMR absorbed by the phonon mode) can be calculated as
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(u) = j Weinal (=1 E) Winitiar AT (108)
T=all space

where E is the electric field, and the dipole moment u can be expanded as (up to first

order term)

ou

_ bt 1
u uo+aQq (109)

where pu, is resposnsible for causing rotational transition and £ causes vibrational

transition, and @ is the normal mode coordinate. The molecules in crystal will absorb

an IR radation and exhibit a vibrational transition only if the integral in Eq. (108) is

non-zero, which implies that Z—g;t 0. This is the Second Selection Rule of IR

spectroscopy. As a result of the Second Selection Rule, the symmetric molecular
vibrational modes for which the change in dipole moment is zero are IR inactive and
the asymmetric vibrational modes are ususally IR active, and therefore only the
asymmetric molecular vibrational modes can be stimulated using IR pulses. The rate
of vibrational transition during IR absorption is described by the Fermi’s Golden Rule
(FGR) and the intensity of IR absorption depends on the change in a molecule’s dipole

moment due the electric field.
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Figure 7.1 Schematic of interaction between electric field and molecule dipole.

7.3 Computational Details

In this Section, we discuss the experimental details that are required to perform
our numerical experiment for mode stimulation. For instance, identifying the IR active
modes in RDX, the specifications of laser sources that are available such as EMR
frequency, pulse duration, pulse width, optical energy, and fluence, etc.

In experiments, high intensity optical pulses used to probe the molecular
vibrations in mid and far-infrared regions can be generated using a Free-electron laser
(FEL) or gas lasers such as CO2-TEA laser (TEA stands for Transversely Excited
Atmospheric). Alternatively, a continuous wave (CW) laser with a relatively smaller
optical power can also be used to stimulate the vibrational modes. The use of a lower

optical power comes with the benefit of avoiding laser ablation of the target material,
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however, the pulsed lasers can improve the throughput. A schematic of the optical
power of pulsed and CW lasers spaced in time (temporal profile) is shown in Figure
7.2. The available laser sources can be used to stimulate molecular vibrations in the
frequency range of 0.1 to 100 THz (~ 3 to 3000 cm™). Besides the EMR frequency,
other important details of the laser source include its temporal profile (Gaussian) i.e.,
pulse width/duration (ranging from ~30 fs to ~250 ns), pulse period/frequency (THz
range), optical power (peak power of ~1 Watt to ~50 Watts, proportional to EMR
frequency), fluence (typically 1 to 2.5 mJ/cm?), and the spectral profile [179, 162, 172,
163, 166, 184, 186, 93, 178]. The optical power of ~ 1 Watt for a pulse frequency of ~
1 THz corresponds to optical energy of 10°*2 J. Typically, the spectral profile is also a
Gaussian with a linewidth of few cm™ (spectral). A schematic of the spectral profile of
the optical pulse is shown in Figure 7.3. Next, the IR is focused on to the material using
an optical lens leading to the interaction between the electric field and the vibrational
modes.

In the subsequent sub-sections, we identify the IR active vibrational modes in

RDX and discuss the computational details of our numerical experiment.
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Figure 7.2 Schematic of the optical power of (top) a pulsed laser, and (bottom) a

continuous wave laser spaced in time.
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Figure 7.3 Schematic of spectral profile of an optical pulse.
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7.3.1 IR Active Vibrational Modes in RDX

Numerous computational and experimental studies have investigated the
absorption of electromagnetic radiation by the molecules in RDX using ab-initio
calculations and Terahertz spectroscopy [112, 198, 199, 200, 201, 110, 202, 203, 114,
204]. Based on the EMR absorption spectra, the assignment of IR and Raman modes
is performed by comparing the absorption lines with those of related chemical moieties
such as nitro, amino, etc. However, the majority of phonon modes in the system are a
combination of vibrational modes involving more than one type of motion.

In this Section, we identify the IR active modes in o phase RDX based on IR
spectroscopy data in the literature. The fraction of radiation energy absorbed by
different vibrational modes can be obtained from the IR spectroscopy
absorption/transmission spectral lines. Some literature report absolute values of
%absorption or transmission, whereas others report a normalized value by dividing the
%absorption of all modes with the largest %absorption among all modes. Due to this
normalization, the absolute %absorption of the modes can be unclear. For consistency
between the data obtained from different literature, we compare the normalized
absorption values to the absolute absorption values and scale the normalized values
accordingly. The IR active modes and % transmission or absorption reported in
different literature are shown in Appendix 4. Out of all IR active modes identified by
the experimental literature, we selected 15 modes for stimulation in this work. The
mode frequencies (w ), energies (Eg. = hwy ), equilibrium phonon population (ng )
calculated using BE statistics, and % absorption of these 15 modes are shown in Table

7.1.
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Mode Frequency Mode Energy, Equilibrium % Absorptiong_

we, (cm™) Ey (MeV) Occupation ng,_

22.74 2.82 57.1140 19.54
43.99 5.46 29.2848 4.21
71.25 8.83 17.8920 17.14
83.38 10.34 15.2178 33.08
190.87 23.67 6.3760 23.81
405.03 50.22 2.7603 28.32
503.51 62.43 2.1339 27.94
582.36 72.21 1.7866 64.80
786.90 97.57 1.2147 50.67
914.84 113.43 0.9898 30.18
1140.67 141.44 0.7202 51.33
1299.72 161.16 0.5893 36.99
1501.31 186.15 0.4661 20.69
1739.89 215.74 0.3605 70.97
2823.76 350.13 0.1310 23.51

Table 7.1 15 IR active modes in RDX selected for stimulation and corresponding %
absorption obtained from literature [204, 205, 109, 200, 112, 206, 114, 207]. Subscript

s denotes that these modes have been selected for stimulation.
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7.3.2 Mode-Selective Stimulation Energy

In our numerical experiment, for the sake of simplicity, we assume a CW laser source
and a constant spectral profile with a linewidth of 1 cm™. Although, the optical energy
of the laser sources used in experiments is on the order of 102 J, in this work, we use
a smaller optical energy input, few meV to few eV (=102 J to 10*° J). For instance,
an optical energy input of 1 eV for stimulating the mode at 22.74 cm™ means that 1 eV
is incident on the material, and a portion of this energy will be absorbed by the
molecular vibrations depending on the %absorption shown in Table 7.1. An example
of the spectral profile of the laser source assumed in our numerical experiment is shown
in Figure 7.4. For each mode shown in Table 7.1:

e The frequency of the laser source is assumed to be exactly the same as the

frequency of the phonon mode to be stimulated i.e., g, = Wgpmr-

e To investigate the sensitivity of the physical properties with respect to the
stimulation energy, six different energy values of the optical pulse (E;;, 4 ) are
used for stimulating the modes, three at high intensity (few eV) and three at low
intensity (tens of meV) (1 eV=1.6021 x 1071° Joules) as shown in Table 7.2
and Table 7.3 respectively.

e Since the optical power of the lasers is directly proportional to the frequency of
the vibrational mode being stimulated, for each case in (b), the modewise input
energies are calculated such that E;, 4_is linearly proportional to wg_. For

instance, if the energy input to the mode at 22.74 cm™ is 1.0 eV then the energy

input to a mode at 43.99 cm™is 1 x % =1.935¢eV.
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e The energy absorbed by any mode is calculated as Egpsp, = Eing, X
% Absorptiong_ Where modewise % Absorptiong_are shown in 2" column
of Table 7.1.

e The increase in phonon population of any mode ¢, after stimulation is

E
calculated as Ang_ = —22%5 where Ej_ = hwyg,.
s E¢ s s

N

e For each mode, a constant spectral profile of the optical pulse is assumed with
a linewidth of 1 cm™ centered at the phonon mode frequency as shown in Figure

7.4. This means that during the numerical stimulation of any mode at wy_,

modes at wg + 0.5 cm will also be stimulated receiving the same input

energy Ei, .-

The stimulated phonon mode frequencies, modewise energy input, energy
absorbed and increase in phonon population for all six cases are shown in Table 7.2.
Finally, for every case i.e., 15 stimulated modes x 6 cases each = total 90 cases, 3-
phonon scattering rates and mode-to-mode scattering rates are calculated under the
Single Mode Relaxation Time Approximation (SMRTA) as discussed in Chapter 4.
Subsequently, properties such as phonon mean free path, modewise diffusivity and
thermal conductivity (using the Phonon Gas Model) are calculated.

It should also be noted that as a result of stimulating the modes, the scattering
rates for some of the modes become negative. This can be understood as follows: The
calculation of scattering rates as shown in Eq. (54) describes the rate at which the
phonon population of the perturbed mode (¢,) reduces via 3-phonon scattering.

However, when a particular mode is stimulated (¢,) with a large amount of energy, this
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results in a large deviation from the equilibrium of the system (much larger than small
perturbation of mode ¢,). As a result of this large deviation from equilibrium, the mode
with a small perturbation (¢b,) is likely to accept a lot more energy from the stimulated
mode (¢) than it is releasing. Mathematically, this can be represented as I'*?y <
rree, . where I'°? 4 represents the scattering rate of the mode ¢, when mode
stimulation is absent, and "%, _, represents mode-to-mode scattering rate of energy

from the stimulated mode ¢, to mode ¢, . A schematic diagram is shown in Figure 7.13
to illustrate the same. Since there is a larger influx of energy for the mode ¢, than the
energy leaving, the scattering rate of the mode ¢, is represented by a negative number.
It should also be noted that a negative scattering rate or a negative change in scattering
rate can still mean an increase in the magnitude of the scattering rate and thereby a
smaller mean free path of the phonons.

The effect of mode stimulation is measured by calculating average values of
percent change in modewise properties. For instance, the average percent change in
scattering rates (average over all modes) when mode ¢, is stimulated (% AI'*¥9:%s) is

calculated as

bs

1 r’=s—r,
0 AT W9 Ps = E 100-2__¢
¢

no.of modes ¢ Iy (110)

where F¢¢S is the scattering rate of mode ¢ when mode ¢ is stimulated and

r®s_

100><"’F—¢ represents modewise percent change in scattering rate. Similarly,
¢

bandwise average percent change in scattering rates (average over frequency bands) is

defined as
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¢s
1 rps—r
% Arbandtés = Z 10022 (111)

no.of modes in band1 Iy
¢$€Ebandl

The average percent change in modewise diffusivity (D) is calculated as

bs
1 Dg® — Dy
% ADWIbs = E 1002 ¢
o no.of modes ¢ - Dg (112)

and bandwise average percent change in diffusivity is defined as

bs
1 D;*—D
0p ADbandles — z 100¢—¢ (113)

no.of modes in band1 Dy
¢$€Ebandl

The percent change in X, y and z components of the thermal conductivity tensor k.,
K,y and k,, are calculated as

bs

s
Kyx K K,, — K
% Akls = 100 ""—"xl % Axds = 100 i ”',
| x| |1c,,
(114)
bs
K — K
% AKs = 100 li = |
|#e2. |
and the percent change in scalar thermal conductivity is calculated as
o} K;ps — K

% Akg® = 100 =——— (115)

S

.. [l +|reyy|+5
where K represents the scalar thermal conductivity calculated as k, = W
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Mode

High Energy Stimulation

Frequency Case 1 Case 2 Case 3

®g, €M) Epg. Eabsg, BNy,  Emg, Eabses Ang,  Eme, Eapse, Ang,
ev)  (eV) ev) (V) ev) (V)

22.74 0.50 0.10 34.7 1.00 0.20 69.3 2.00 0.39 138.7
43.99 0.97 0.04 7.5 1.94 0.08 14.9 3.87 0.16 29.9
71.25 1.57 0.27 30.4 3.13 0.54 60.8 6.27 1.07 121.6
83.38 1.83 0.61 58.7 3.67 1.21 117.4 7.33 2.43 234.7
190.87 4.20 1.00 42.2 8.40 2.00 84.5 16.79 4.00 168.9
405.03 891 252 50.2 17.82 505 1005 35.63 10.09 200.9
503.51 11.07 3.09 49.5 22.15 6.19 99.1 4429 1237 198.2
58236 1281 8.30 1149 2562 16.60 2299 5123 33.20 459.7
786.90 17.31 877 89.9 3461 1754 1798 69.22 35.08 359.5
91484 20.12 6.07 53.5 40.24 1214 107.1 8048 2429 2141
1140.67 25.09 12.88 91.1 50.17 25.76 1821 100.34 5151 364.2
1299.72 28,58 10.57 65.6 57.17 21.15 1312 11434 4229 2624
1501.31 33.02 6.83 36.7 66.03  13.66 73.4 13207 27.33 146.8
1739.89 38.26 27.16 1259 7653 5431 2518 153.06 108.63 503.5
2823.76 62.10 14.60 41.7 12420 29.20 83.4 24841 58.39 166.8

Table 7.2 Optical energy input, energy absorbed and corresponding increase in phonon

population of the selected 15 IR active modes for three high energy stimulation cases.
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Mode

Low Energy Stimulation

Frequency Case 4 Case 5 Case 6
wp, €M) Eing, Eavsg, Oy, Eing, Eavsg, Oy,  Eing, Eavsg, Ong,

(meV) (meV) (meV) (meV) (meV) (meV)
22.74 5.00 0.98 0.3 10.00 1.95 0.7 20.00 3.91 1.4
43.99 9.68 0.41 0.1 19.35 0.81 0.1 38.70 1.63 0.3
71.25 15.67  2.69 0.3 31.34 5.37 0.6 62.68 10.75 1.2
83.38 18.34  6.07 0.6 36.67 12.13 1.2 73.35 24.27 2.3
190.87 4198 9.99 0.4 83.96 19.99 0.8 16791 39.98 1.7
405.03 89.08 25.23 0.5 178.15 50.45 1.0 356.31 100.91 2.0
503.51 110.73 30.93 0.5 22147 61.87 1.0 44294 123.74 2.0
582.36 128.08 82.99 11 256.15 165.99 2.3 512.30 331.97 4.6
786.90 173.06 87.70 0.9 346.12 175.40 1.8 692.23 350.79 3.6
914.84 201.19 60.72 0.5 402.39 121.44 11 804.78 242.89 2.1
1140.67 250.86 128.78 0.9 501.72 257.55 1.8 1003.44 515.11 3.6
1299.72 285.84 105.73 0.7 571.68 211.47 1.3 1143.36 422.93 2.6
1501.31 330.17 68.32 0.4 660.35 136.64 0.7 1320.70 273.29 1.5
1739.89 382.65 271.56 1.3 765.29 543.13 25 1530.58 1086.25 5.0
2823.76 621.01 145.98 04  1242.03 291.95 0.8  2484.05 583.90 1.7

Table 7.3 Optical energy input, energy absorbed and corresponding increase in phonon

population of the selected 15 IR active modes for three low energy stimulation cases.
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Figure 7.4 Example of spectral profile of the optical pulse assumed in this work

(linewidth of 1 cm®).

7.4 Mode-Selective Stimulation Results

The average percent change in scattering rates (% AI'*9:%s) for mode-selective
phonon stimulation for high and low energy stimulation are shown in Figure 7.5 and
Figure 7.6 respectively. Among all stimulation cases, a substantially large increase in
scattering rates is observed while (1) Stimulating the mode at 22.74 cm™, 43.99 cm
or 71.25 cm™ in Case 3 resulting in ~58% average percent increase in the scattering
rates (% AI'*9:%s), and (2) Stimulating the mode at 1140.67 cm™, 1299.72 cm® or
1501.31 cmin Case 3 resulting in over 300% average percent increase in the scattering
rates (% AI'*79%s). The large change in scattering rates upon stimulating the low
frequency modes can be attributed to a combination of two factors (1) The low
frequency modes dominate the mode-to-mode scattering (I3, 4.) due to their strong
anharmonic coupling with other modes (especially with other low frequency modes)
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and a relatively larger phase space volume (including a large density of states) available
for 3-phonon scattering as shown in Figure 4.5 and Figure 4.6 respectively, and (2) The
majority of low frequency modes scatter via absorption processes (¢, + ¢, = ¢3)
involving two other low frequency modes, and since the increase in the phonon
population of these low frequency modes due to stimulation is few hundred percent, a
proportionate ~58% increase is observed in the scattering rates (% AI'*v9-%s). Thus, as
the phonon population of the low frequency modes is driven out of equilibrium, an
equally strong increase in 3-phonon scattering rates is observed since the scattering rate
is directly proportional to the phonon population as shown in Eq. (54). It should also
be noted that stimulating the low frequency modes has a negligible effect on the
scattering rates (I, ) of the majority of the mid and high frequency modes due to a lack
of 3-phonon scattering involving these modes as shown in bandwise-average
(% Arrendieés) plots in Figure 7.7 through Figure 7.12. On the contrary, the mid
frequency modes between 1140 and 1501 cm scatter primarily via emission processes
(1 = ¢, + ¢3) involving one more mid frequency mode. Since the increase in
phonon population of the mid-frequency modes upon stimulation might be over
1000%, a similarly large increase in the scattering rates is observed. In addition,

stimulating the mid-frequency modes has a small effect on the scattering rates (I3, ) of

the low frequency modes but results in a large percent increase in scattering rates of
other mid frequency modes from ~1150 cm™ to ~1250 cm, from ~1510 cm™* to ~1514
cm?, and of some high frequency modes in bands 19 and 20. In contrast, stimulating
the high frequency mode at 2823.76 cm™ has a substantial effect on the scattering rates
of only a small number of other high frequency modes in band 20 (from ~2894 cm™ to
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~2897 cm™) which explains the overall small percent increase when averaged over all
modes.

A higher stimulation energy (E; ¢ ), in general, results in a larger average

percent change in the scattering rates (% AI'**9:%s). For instance, when the mode at
22.74 cm is stimulated, the average percent change in scattering rates ((% A *V9:%s)
IS 14.57%, 29.14% and 58.28% for Case 1 (E;,, = 0.5 V), Case 2 (E;;, = 1 eV) and
Case 3 (E;, = 2 eV) respectively. The larger change in scattering rates for higher
stimulation energy can be attributed to a union of two facts: 1) A higher stimulation
energy results in a larger increase in the phonon population of the stimulated mode, and
2) The scattering rate is directly proportional to the phonon population as shown in Eq.
(54). However, the second point is an oversimplified explanation for how the scattering
rates are affected. More rigorously, the scattering rate for any mode ¢, as shown in Eq.
(54) is a summation over all phonon modes in the system which includes the stimulated

mode ¢. Thus, the expression in Eq. (54) can be further broken down as
I =z {1(1+n° +n )L+ (ny, —n.)L }
b1 brEbobsCds 2 2 ¢3)"— b2 ¢3/ "+

1
+Z {_ 1+ny +ny )L+ (ny, —nd )Lit
D2&Ps5,P3EDS 2( b2 ¢3) ( b2 ¢3) +
(116)

1
+ Z {— (1+ny, +ny )L+ (ng, —ng. )L,
G285 bséds (2 2 " s 92 7 T3/t

1
+Z {— 1+ny +nd )L+ (ny —nd. )L
brEdedaids 2( ¢2 ¢3) ( ¢2 ¢3) +

where ¢, represents the stimulated mode. Breaking down the terms in this way can

help in identifying the terms for which stimulating a mode will result in a corresponding
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increase in the phonon population and thereby scattering rate. For instance, in the first
summation, since both ¢, and ¢4 belong to ¢, an “X” % increase in population of ¢,
also means an “X” % increase in the population ng, and ng, and therefore, there will
be an “X” % increase in the contribution to the scattering rate I, by the terms in the
first summation. In the third summation, neither ¢, nor ¢ belong to ¢, and therefore
any increase in population of ¢ will not affect the phonon populations n, or ng, and
therefore will result in no extra contribution to the scattering rate. For the second and
fourth summation, an “X” % increase in the population of ¢, will result in an “X” %
increase in the populations ng, and n, respectively, and therefore their contribution
towards increase in scattering rate will depend on the magnitude of the coefficients L_
and L_.

Overall, the highest average percent increase in scattering rates ((% A’ %v9-%s)
is achieved by stimulating the mode at 1140.67 cm™, 1299.72 cm™ or 1501.39 cm™ in
Case 3, resulting in an average 329.01 % increase. In contrast, a reduction in scattering
rates can be achieved by stimulating the mode at 1501.31 cm™, 1739.89 cm™ or 2823.76

cmt in Case 2, resulting in an average reduction by 0.35%.
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Figure 7.5 Average percent change in scattering rates (% AI'*¥9:%s) for Cases 1, 2 and

3.

Figure 7.6 Average percent change in scattering rates (% AT “v9-%s) for Cases 4, 5 and

6.
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Figure 7.7 Bandwise average percent change in scattering rates (% AI?andL.s) for
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Figure 7.8 Bandwise average percent change in scattering rates (% AI?@nd1.®s) for

Case 2.
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Figure 7.9 Bandwise average percent change in scattering rates (% AI?@ndL.s) for

Case 3.
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Figure 7.10 Bandwise average percent change in scattering rates (% AI?endL.®s) for

Case 4.
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Figure 7.13 Schematic of vibrational energy transfer between the modes during
equilibrium, a small perturbation (as modeled under SMRTA), and during mode

stimulation.

The average percent change in diffusivity (% AD*9-?s average over all modes)
and bandwise average percent change in diffusivity (% ADP%m41Ls) are shown in
Figure 7.14 through Figure 7.21. Similar to the scattering rates, the largest average
percent increase in diffusivity (% AD%¥9%s) is observed when the mode at 1140.67 cm’
1.1299.72 cm™ or 1501.39 cm™ is stimulated under Case 3, resulting in an average
percent increase in diffusivity by 33.13%. For Case 1, the largest average percent
change in diffusivity is observed when the mode at 582.36 cm, 786.90 cm™ or 914.84
cm is stimulated resulting in a 30.35% increase, and for Case 2, the largest average
percent change in diffusivity is observed when the mode at 405.03 cm™ is stimulated

resulting in a 20.27% increase. In general, the large increase in diffusivity is also

consistent with a large increase in the scalar thermal conductivity (% A;cg) %) as shown
in Figure 7.22 and Figure 7.23. For instance, the largest increase in scalar thermal

conductivity (71.79%) is observed upon stimulating the mode at 1140.67 cm™, 1299.72
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cm or 1501.31 cm™ under Case 3 which is consistent with the largest average percent
increase in diffusivity (% AD%9%s). Stimulating the mode at 1140.67 cm™ or 1299.72
cmt under Case 1 results in a substantial increase in diffusivity (25.71%) and scalar
thermal conductivity (21.87%).

The primary reason for the large increase in diffusivity and thermal conductivity
can be attributed to a large increase in the phonon mean free path of some of the modes
which exhibit a reduction in scattering rates upon mode stimulation. For instance,
stimulating the mode at 582.36 cm™ in Case 1 results in an average 30.00% reduction
in the scattering rate of the phonons in band 9 (% AI?#"1.¢s) which translates into an
average 403.24% increase in the mean free path and diffusivity of the phonons in band
9 (% ADPendLés) Stimulating the 582.36 cm™ mode also results in an average 84.38%
and 89.99% increase in scattering rate of band 13 and band 15 modes respectively,
resulting in an average 41.46% and 22.12% decrease in mean free path and diffusivity
of the modes in band 13 and band 15 respectively. However, due to the relatively larger
increase in diffusivity of the band 9 modes, the percent change in modewise diffusivity
is positive when averaged over all modes (% AD®*9%s). Thermal diffusivity controls
the amount of heat that flows through the modes (since it is thermal conductivity per
unit energy stored i.e., specific heat). An increase in diffusivity of a mode can mean
that more heat is flowing out of the phonon mode and therefore there is a smaller
possibility of any localization of vibrational energy in the mode. This might, in turn,
indicate that the energetic material has been de-sensitized, or its sensitivity has reduced,
since the localization of vibrational energy which leads to the formation of hotspots is

one of the prominent mechanisms leading to initiation in energetics. Thus, stimulating
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the modes at 582.36 cm™ or 786.90 cm™ in Case 1 may result in a substantial reduction
in the sensitivity of crystalline RDX. In contrast, stimulating the low frequency modes
at 22.74 cm™ or 43.99 cm™ in Case 1 results in an average reduction in diffusivity by
24.39% or 10.64% respectively. This large reduction in diffusivity can be attributed to
the large increase in scattering rates when the low frequency modes are stimulated
which leads to a reduction in the average mean free path of the phonons. This suggests
that stimulating the low frequency modes may lead to an increase in the sensitivity of
energetic materials. In Table 7.4, we rank order the phonon modes based on their
overall effect on diffusivity and thereby an ability to increase or decrease the sensitivity
of RDX.

For thermal conductivity k..., the largest increase (743.00%) can be achieved
by stimulating the mode 914.84 cm™ or 1140.67 cm™ in Case 2, and the largest
reduction (-36.54%) can be achieved by stimulating the mode at 22.74 cm™ or 43.99
cm in Case 3. For Kyy, the largest increase (406.24%) can be achieved by stimulating
the mode 1140.67 cm™ , 1299.72 cm™ or 1501.31 cm™ in Case 3 and , similar to k.,
the largest reduction (-27.60%) can be achieved by stimulating the mode at 22.74 cm®
or 43.99 cm™ in Case 3. For k,,, the largest increase (122.25%) can be achieved by
stimulating the mode 582.36 cm™ or 786.90 cm™ in Case 2 and , similar to ., and Kyy,
the largest reduction (-22.91%) can be achieved by stimulating the mode at 22.74 cm
or 43.99 cm in Case 3.

The results of our numerical experiment suggest that stimulating certain phonon
modes in RDX using a narrow linewidth optical pulse may result in a substantial

increase or decrease in the heat transport properties of the material, however, it should
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be noted that the current work is based on several approximations such as Single Mode
Relaxation Time Approximation (SMRTA), only 3-phonon scattering processes have
been considered, and modewise thermal diffusivities and conductivities have been
calculated using the phonon gas model (PGM) which considers the contribution of
propagating thermal carriers only. It is expected that a significant improvement in the
accuracy of these results can be achieved by lifting or minimizing these

approximations.
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Figure 7.14 Average percent change in diffusivity (% AD*"9:%s) for Cases 1, 2 and 3.
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Figure 7.15 Average percent change in diffusivity (% AD%?9-%s) for Cases 4, 5 and 6.
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Ranking Ability to Reduce Sensitivity Ability to Increase Sensitivity
1 -1 -1 N -1 -1 -1
1140.67 cm ,1299.72cm or1501.31cm in  22.74cm ,43.99cm or 71.25cm
Case 3 (33.13%) in Case 3 (-22.07%)
-1 -1 -1 -1
2 582.36 cm , 786.90 cm or 914.84cm in 22.74 cm in Case 2
Case 1 (30.35%) (-15.58%)
1 -1 -1
3 1140.67 cm or 1299.72cm in Case 1 22.74cm in Case 1
(25.71%) (-9.97%)

Table 7.4 Ranking of IR active modes in RDX based on their ability to result in an

increase or decrease in diffusivity upon stimulation.
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Ranking Increase in Conductivity Decrease in Conductivity

-1 -1 - -1 -1 -1
1 1140.67 cm ,1299.72 cm or 1501.31 cm 22.74cm ,43.99cm or71.25cm
1 .
in Case 3 (71.79%) in Case 3 (-17.21%)
-1 -1 -1 -1
2 83.38cm , 190.87 cm  or 405.03 cm in 22.74cm  in Case 2
Case 3 (22.03%) (-12.46%)
1 -1 -1
3 1140.67 cm or 1299.72cm in Case 1 22.74cm inCase 1
(21.87%) (-8.22%)

Table 7.5 Ranking of IR active modes in RDX based on their ability to result in an

increase or decrease in thermal conductivity.

7.5 Conclusion

In this work, a numerical experiment is performed to investigate the effects of
stimulating different IR active vibrational modes in RDX on vibrational energy transfer
rate between the modes and subsequent change in physical properties such as thermal
diffusivity and conductivity that may have an influence over the sensitivity of the
energetic material. The stimulation of vibrational modes is performed one mode at a
time and the corresponding change in 3-phonon scattering rates is estimated using the
perturbation theory (also known as Fermi’s Golden Rule) under Single Mode
Relaxation Time Approximation. Subsequently, modewise thermal diffusivity and
conductivity are calculated using the Phonon Gas Model. The stimulation of each IR
active mode is performed using six different optical energy inputs (3 high intensity:
few eV, and 3 low intensity: tens of meV). Our results indicate that stimulating the
mode at 1140.67 cm™, 1299.72 cm™* or 1501.31 cm™ in Case 3 results in an average

percent change in scattering rates (% AI' “9-%s) by over 300%. Stimulating these modes
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also results in an average percent increase in thermal diffusivity (% AD%v9-%s) by ~33%
indicating that these modes are likely to play a significant role in reducing the
sensitivity of RDX. In contrast, stimulating the modes at 22.74 cm™, 43.99 cm™ or
71.25 cm™ in Case 3 results in an average percent decrease in thermal diffusivity
(% ADP9-$s) by ~22% indicating that these modes are likely to play a significant role

in increasing the sensitivity of RDX.
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Chapter 8: Conclusion

In this Chapter, we present a summary of contributions and several possibilities for

future research that can be built upon the work done in this dissertation.

8.1 Summary of Contributions

The overarching problem statement of this dissertation is to understand the
phonon-mediated mechanisms via which the energy from shock may get up-pumped
from the long wavelength molecular translation modes to the short wavelength
intramolecular vibrations which may result in phenomena such as thermal
decomposition of the material leading to initiation in energetics. Based on this problem
statement and the current understanding of phonons in energetics, we identified and
investigated four research questions:

1) As experimental and computational studies have shown that fission of NN
bonds and HONO elimination are the primary initial steps in the thermal
decomposition of RDX, in Chapter 3, we use a harmonic oscillator based model
to calculate the contribution of every phonon mode to the stretching and rotation
of all bonds and angles in RDX. Our results indicate that among all bonds, NN
bonds exhibit the largest strain which is consistent with experimental
observations that NN fission is the initial step in the thermal decomposition of
RDX. We also observed that the low frequency modes up to 133 cm™ are
responsible for the majority of stretching and rotation of all bonds and angles
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2)

in RDX. In particular, the low frequency mode at 21 cm™ is responsible for the
largest stretching of the NN bonds. However, it should be noted that these
results take into account only the harmonic part of the crystal Hamiltonian and
therefore can be improved by considering the anharmonic terms.

Since the growth of hotspots and subsequent initiation depend on a balance
between the amount of energy generated due to exothermic fission of bonds and
the amount of energy dissipated due to thermal conductivity, in Chapter 4 and
5, we evaluate the strength of anharmonic coupling between the modes in RDX
and subsequently evaluate three thermal conductivity models, namely the
Phonon Gas Model, Cahill Watson and Pohl model, and the Allen & Feldman
model. We assess the accuracy of these models in estimating the thermal
conductivity of RDX by comparing them with values obtained from Green-
Kubo molecular dynamics. Our results indicate that the widely used Phonon
Gas Model provides a thermal conductivity estimate which is an order of
magnitude lower than the GK-MD value indicating a breakdown of this model
for RDX. We showed that this breakdown happens because the thermal carriers
in RDX are highly diffusive (the majority of phonons have a mean free path
smaller than the unitcell size) and therefore the underlying assumptions of the
PGM (phonons are weakly interacting and have a mean free path orders of
magnitude larger than the unitcell size) are no longer valid. In contrast, the
Allen-Feldman model which was originally developed for disordered materials
provides the closest estimate for thermal conductivity, again indicating that the

thermal carriers in RDX are highly diffusive in nature. The CWP estimate is
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3)

only ~44% of the GK-MD value since the CWP model neglects the
contributions of the optical phonons. We also observed that the low frequency
modes up to ~133 cm™ are responsible for over 90% of the thermal conductivity
in RDX and ~70% of the contribution comes from the optical phonons.

In Chapter 6, we use a quantum mechanical model called Fermi’s Golden Rule
to calculate the 3-phonon mode-to-mode scattering rates for 108,864 modes in
RDX. This results in ~12 billion pathways for vibrational energy transfer in
RDX. Our results indicate that although the low frequency modes up to ~102
cm are responsible for the largest amount of energy transfer between the
modes, however over 99% of the energy leaving these low frequency modes
gets deposited into other low frequency modes up to ~102 cm™ and therefore
the vibrational energy does not directly reach the mid and high frequency
phonon modes with significant NN activity. Our results indicate that the modes
between 457 and 1331 cm™ are responsible for the majority of energy transfer
to modes with NN activity. We identify these as the doorway modes and suggest
an indirect mechanism of vibrational energy up-pumping where the energy
must first reach these mid frequency modes which then redistribute a significant
amount of the energy to the NN active modes.

It should be noted that this work considers only the first anharmonic
term of the Hamiltonian and therefore is limited to 3-phonon scattering events.
However, at a higher temperature, higher order processes such as 4-phonon
scattering may become significant for an accurate modeling of vibrational

energy transfer between the modes. In addition, the scattering rates are
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4)

calculated under Single Mode Relaxation Time Approximation which may be
inaccurate under highly non-equilibrium conditions such as in shocked
materials.

The 3-phonon scattering rates, mode-to-mode scattering rates and modewise
thermal diffusivities and conductivities provide a detailed picture of
anharmonic interactions and vibrational energy transfer between the modes in
RDX. Using this information, in Chapter 7, we perform a numerical experiment
to investigate the effects of stimulating different Infrared (IR) active vibrational
modes in RDX (stimulating one mode at a time) on vibrational energy transfer
rate between the modes and subsequent effects on physical properties such as
thermal diffusivity and conductivity. Our results indicate that stimulating the
mid frequency mode at 1140.67 cm™, 1299.72 cm™ or 1501.31 cm™ may result
in an average 33% increase in the modewise thermal diffusivities (averaged
over all modes) and therefore these modes are likely to play a significant role
in reducing the sensitivity of RDX. In contrast, stimulating the low frequency
modes at 22.74 cm-1, 43.99 cm-1 or 71.25 cm-1 may result in an average 22%
decrease in modewise thermal diffusivities indicating that these modes are
likely to play a significant role in increasing the sensitivity of RDX.

The approximations inherent in scattering rate calculations such as
SMRTA and 3-phonon scattering only are also present in this investigation. In
addition, the thermal diffusivities and conductivities are calculated using the
Phonon Gas Model and considers the contributions of propagating phonons

only.
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8.2 Future Work

In this section, we discuss several possibilities for future research that can be

built upon the work done in this dissertation.
1) Improvement of Current Models

The modeling techniques used in this dissertation are based on several
approximations which limit the accuracy, and in some cases limit the applicability of
these models. For instance, the investigation of the contribution of phonon modes to
the stretching and rotation of bonds in Chapter 3 is based on a harmonic oscillator
model and therefore even though we identified several critical phonon modes adding
energy to which may result in a significant increase in bond strains, however, it does
not provide any information on how the added energy might get transferred to other
phonon modes. For instance, the energy added to a specific phonon mode may get
transferred to other modes almost instantaneously and the increase in bond strains may
not be as large as predicted. Therefore, modeling the bond distortion behaviors using a
fully anharmonic Hamiltonian is likely to provide a more accurate and elaborate
description.

The calculation of phonon-phonon scattering rates and mode-to-mode
scattering rates using Fermi’s Golden Rule in Chapters 4 and 6 consider only the first
anharmonic term of the Hamiltonian, however, higher order scattering processes such
as 4-phonon scattering and so on are known to be significant at higher temperature

[126]. Therefore, considering the higher order anharmonic terms of the Hamiltonian is
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likely to improve the accuracy of our current models, especially at high temperature
and for modeling hotspots, etc.

In addition, the 3-phonon scattering rates using FGR are calculated under the
Single Mode Relaxation Time Approximation (SMRTA) which models the
perturbation in phonon population of the modes one at a time. However, in real
materials, under non-equilibrium conditions such as shock modeling, etc., a large
number of phonon modes may be driven out of equilibrium and therefore the use of
SMRTA may result in large inaccuracies. The use of SMRTA is also likely to cause
inaccuracies in our numerical experiment of stimulating the phonon modes, where
multiple phonon modes are driven out of non-equilibrium. Therefore, developing a
model which considers perturbation/relaxation of multiple phonon modes
simultaneously may enable more accurate modeling of vibrational energy transfer
between the modes.

Further improvements in accuracy, at the cost of computational resources, may
be achieved by choosing a larger number of Brillouin zone sampling points and first
principles DFT calculations which may enable modeling critical chemistries in addition
to the vibrational energy transfer dynamics.

2) Extension to Other Energetic Materials

In this work, we investigated the vibrational energy transfer dynamics in RDX.
However, there is a large number of other widely used energetic materials such as Lead
Azide, PETN, HMX, TNT, TATB, etc., with widely different sensitivity and degrees

of crystal anharmonicity. Therefore, extending the methods used in this work to other
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energetics may provide a more general picture of vibrational energy transfer and
thermal transport in energetic materials.

3) Time evolution of Vibrational Energy Transfer Dynamics

The investigations undertaken in this work provide a detailed picture of vibrational
energy transfer between the phonon modes at a single point in time. However, as time
progresses, the population of the phonon modes would change thereby affecting the 3-
phonon scattering rates and energy transfer rates. A more elaborate picture of energy
transfer dynamics may be obtained via combining the techniques such as FGR with
other techniques as Molecular Dynamics or Boltzmann Transport Equation (BTE)
which can enable the investigation of mode energies as a function of time.

4) The breakdown of the widely used Phonon Gas Model (considers propagating
carriers) and the success of the Allen-Feldman model (considers diffusive
carriers) in estimating the thermal conductivity in RDX indicates that a more
complete understanding of the nature of thermal carriers is needed for highly
anharmonic materials like RDX. Recent works have explored the possibility of
a unified theory of thermal transport that can be used for both simple crystals
as well as high anharmonic crystals and amorphous materials [149].
Investigation of thermal transport in different energetic materials using a
unified theory may provide a more detailed and complete picture of thermal

transport in these complex molecular crystals.
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Appendix 1: Convergence of Phonon Properties’

To check for convergence of phonon properties with respect to the number of Brillouin
zone sampling points, harmonic phonon properties (frequencies and group velocities)
and anharmonic properties (Gruneisen parameter values, phase space volume,
scattering rates and thermal conductivity) are calculated using uniform kpoint grids of
size 1Xx1x1=1, 2Xx2%x2=8, 3Xx3x3=27,4%X4Xx4=64, 5x5%x5=
125, 6 X 6 X 6=216, 8 x8x8 =512 and 10 x 10 x 10 = 1000 kpoints. The
convergence of all phonon properties are shown with respect to the number of Brillouin
Zone (BZ) sampling points (kpoints) using the root mean square (RMS) values. In
addition, all error values henceforth are calculated based on the reference property
value determined from the 10 x 10 x 10 grid. Scattering rate convergence is shown
in Figure Al.1. The RMS value of scattering rates for 216 kpoints is within 0.17% of
the RMS value for 1000 kpoints. This indicates that 216 kpoints are able to capture a
majority of the 3-phonon scattering events and they should yield a reasonably accurate
estimate of scattering rates. Similar convergence is observed for other anharmonic
properties like the RMS value of modewise Gruneisen parameter and 3-phonon phase
space volume as shown in Figure Al.2 and Figure A1.3, respectively. A scalar value

for thermal conductivity is based on the trace of the thermal conductivity tensor given

7 Portions of this Chapter appear in the Supplementary Information for : G. Kumar, F. G. VanGessel,
L. B. Munday and P. W. Chung, "3-phonon scattering pathways for vibrational energy transfer in
crystalline RDX", J. Phys. Chem. A, 2021.
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XX 44 VY 4172 ..
as xsealar = T TE \where kX, kY, k%% are thermal conductivity values along

x,y and z directions respectively calculated using the Phonon Gas Model (PGM). The
convergence of scalar thermal conductivity is shown in Figure Al.4. kS¢¥a” for 216
kpoints is estimated to be within 5.3% of the k5¢*4" value for 1000 kpoints. Similar
convergence is observed for the RMS value of modewise wave packet speed as shown

in Figure ALl.5, where the wave packet speed for any mode ¢, is calculated as

Speedy, = \/”gzx,cbl + V5,6, t Vose, Where vy 4 is the phonon mode group velocity.
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Figure A1.2 Modewise Gruneisen parameter: (left) RMS values, (right) error.
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Figure A1.3 Modewise 3-phonon phase space volume (left) RMS values, (right) error.
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Figure A1.4 Scalar thermal conductivity x5¢®e” (left) values, (right) error.

155



4.5E-02

4.0E-02

3.5E-02

3.0E-02

2.5E-02

2.0E-02

Error

1.5E-02

1.0E-02

RMS value of Wave packet speed (lkan/'s)

5.0E-03

0.0E+00
0 500 1000 1500
No. of kpoints

Figure A1.5 Modewise wave packet speed: (left) RMS values, (right) error.

156

0.1

10

No. of kpoints

100

1000



Appendix 2: Computational Cost and Scalability
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Figure A2.1 Computational cost for Molecular Dynamics simulation vs Equilibration
Temperature, using LAMMPS. Simulation box size= 1x1x1 unitcell of RDX=168
atoms, timestep= 1fs, simulation time= 2.1 ns, No. of processors= 10. For each
temperature, the starting configuration is obtained by minimizing the Helmholtz free
energy at that temperature using GULP. The results indicate that the minimum free
energy structure calculated using GULP is closer to the MD equilibrated structure at

temperatures above 125 K.
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Figure A2.2 Computational cost for Molecular Dynamics simulation of a single RDX
unitcell vs No. of processors, using LAMMPS. MD timestep= 1fs, simulation time=
2.0 ps, T= 300 K. The starting configuration for MD is obtained by minimizing the
Helmholtz free energy at 300 K using GULP. The best performance is achieved while
using 32 to 40 processors. Although, a 13% speed up is observed when increasing the
no. of processors from 32 to 80, use of 32 to 40 processors might be the most efficient

use of compute power.
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Figure A2.3 Computational cost for Molecular Dynamics simulation vs No. of RDX
unitcells, using LAMMPS. MD timestep= 1fs, simulation time= 3.0 ns, No. of
processors= 40, T= 300 K. The starting configuration for MD is obtained by
minimizing the Helmholtz free energy at 300 K using GULP. The computational cost

increases exponentially with increase in size of the simulation box (no. of atoms).
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Figure A2.4 Computational cost for Spectral Energy Density Calculation vs No. of
kpoints, using our FORTRAN code. No. of RDX unitcells= 1, T= 300 K, No. of
processors= 32. The computational cost increases exponentially with increase in the

no. of kpoints.
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Figure A2.5 Computational cost for Quasi-Harmonic Lattice Dynamics (QHLD)
calculation to obtain minimum Helmholtz free energy structure of RDX (including the
calculation of eigenvalues and eigenvectors) vs Temperature, using GULP. Simulation
box size= 1x1x1 unitcell of RDX=168 atoms, uniform 6x6x6 kpoints mesh. The 0 K
equilibrium structure is used as the starting configuration of atoms in the unitcell for
each temperature case. The computational cost increases substantially at higher
temperatures, primarily due to a large difference between the equilibrium and finite

temperature structures.
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Figure A2.6 Computational cost for calculation of 3-phonon scattering rates in a single
unitcell RDX for 1x1x1 kpoints, and considering up to third nearest neighbor for
calculation of third order force constants (using ShengBTE) vs no. of processors used.
The computational cost excludes the time taken to calculate the second and third order

force constants. Based on the results, use of 40 processors is recommended.
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Figure A2.7 Computational cost for calculation of 3-phonon scattering rates in a single
unitcell RDX using 40 processors, and considering up to third nearest neighbor for
calculation of third order force constants (using ShengBTE) vs no. of kpoints in the
Brillouin Zone. The computational cost excludes the time taken to calculate the second

and third order force constants.
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Appendix 3: Spectral Energy Density and
Lorentzian Fitting
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Figure A3.1 Phonon Lifetimes calculated via fitting the modewise Spectral Energy
Density to a Lorentzian vs a Gaussian function. Use of Lorentzian results in a slightly
lower fitting error (norm error = 0.0402) against using a Gaussian (norm error =

0.0537).
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Figure A3.2 Phonon Lifetimes calculated via fitting the modewise Spectral Energy

Density to a Lorentzian (considering only the 4;4 terms) vs fitting to the complete form
of SED (considering both the 4; and B;4 terms). Use of the complete functional form

of SED for fitting results in a slightly lower error (norm error = 0.0391) than fitting
only Lorentzian to the SED (norm error = 0.0402). However, since the difference is

negligible, use of Lorentzian for fitting to SED is encouraged due to its simplicity.
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Figure A3.3 Phonon lifetimes calculated via fitting modewise SED to a Lorentzian
function. The comparison is done between use of central differencing vs finite
differencing schemes while minimizing the least square error between the Lorentzian
and the SED. The difference in errors is negligible, norm error = 0.0402 while using a

central difference scheme, and norm error = 0.0400 while using a forward differencing

scheme.
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Figure A3.4 Calculated Spectral Energy Density for branch no. 454 in RDX at 300 K.

The comparison of SED obtained via 3 different MD simulation conditions is shown,
(1) Timestep of 1 fs and equilibration time of 1 ns, (2) Timestep of 1 fs and equilibration
time of 10 ns, and (3) Timestep of 0.1 fs and equilibration time of 1 ns. The results
indicate that the resonant frequency and the overall SED obtained after 1 ns and 10 ns
equilibration are similar (the difference in root mean square value of the SEDs is ~15%)
and the resulting phonon lifetimes are also similar. This suggests that 1 ns equilibration
should be sufficient for RDX to capture the energy transfer dynamics between the
modes. The comparison of 1 fs vs 0.1 fs time-steps reveals that although the linewidths
of the two SEDs are similar however a minor shift in the phonon mode frequency is
observed (the difference in root mean square value of the SEDs is ~23%). This could

be due to the anharmonic effects which are neglected during QHLD.
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Figure A3.5 Comparison of phonon lifetimes obtained via SED fitting for three
different MD simulation conditions (1) Timestep of 1 fs and equilibration time of 1 ns,
(2) Timestep of 1 fs and equilibration time of 10 ns, and (3) Timestep of 0.1 fs and
equilibration time of 1 ns. The difference between root mean square value of phonon

lifetimes calculated via (1) and (2) is ~20%, and the difference between (1) and (3) is

~16%.
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Figure A3.6 Spectral Energy Density for branch no. 100 in RDX at 300 K calculated

using the original eigenvectors (obtained via QHLD) compared against perturbed

eigenvectors (1%, 5% and 10% increase from the original eigenvectors). The results

indicate that the SED is insensitive to small inaccuracies that might be present in the

eigenvectors due to QHLD approximation. The difference in the root mean square

value of the SED between original and perturbed eigenvectors is ~0.04% for 1%

perturbation, ~0.14% for 5% perturbation, and 0.10% for 10% perturbation in

eigenvectors respectively.
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Appendix 4: IR Active Modes in RDX

Mode Frequency (cm™) Normalized Intensity
32.7 0.025
36.3 0.052
38.1 0.028
42.1 0.014
454 0.004
46.4 0.017

52 0.06
60.3 0.062
62 0.016
64.1 0.008
73.3 0.057
74.2 0.004
84.3 0.11
84.7 0.009
87 0.1

88.8 0.023
92.7 0.001
95.5 0.038
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98.7 0.266

101.7 0.007
104.7 0.016
108.8 0.009
112.7 0.031
114.4 0.022
119.9 0.009
125.3 0.01

Table A4.1 Infrared active modes and relative intensities in RDX reported in [205].

Mode Frequency (cm™) Normalized Absorbance
774 0.284
853 0.185
904 0.331
947 0.763

1078.1 0.687
1242.18 0.517
1259 0.513
1323.7 1
1336.36 0.492
1370.67 0.409

171



1419 0.595

1441.78 0.402

1450 0.372
1482.29 0.508
1561.1 0.58
1613.32 0.712
1630.58 0.748

Table A4.2 Infrared active modes and normalized absorbance in RDX reported in

[200].

Mode Frequency (cm™) Normalized Intensity
225.94 0.248
349 0.162
413.04 0.295
463.83 0.46
489.31 0.291
595.95 0.675
606 1
675.47 0.155

Table A4.3 Infrared active modes and normalized intensity in RDX reported in [109].
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Mode Frequency (cm™) Reflectance-Absorbance

851.83 0.987
880.749 0.972
921.86 0.832
947.07 0.956
1017.63 0.952
1040.05 0.96
1217.397 0.986
1236.71 0.965
1276.85 0.8
1312.61 0.962
1349.966 0.978
1388.5 0.962
1435.77 0.895
1460.129 0.959
1535.35 0.846
1581.707 0.735
1594.25 0.814

Table A4.4 Infrared active modes and (Reflectance-Absorbance) in RDX reported in

[114].
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Mode Frequency (cm™) Absorbance (mm™)

26.90866 1.51
49.23414 0.9287
65.17852 1.6998
97.76779 2.3189
235.57 6.18099

Table A4.5 Infrared active modes and normalized absorbance in RDX reported in

[204].

Mode Frequency (cm™) % Transmission
3608.42 55.64
1776.84 29.03
1505.26 0.8
1069.47 63.71
974.736 81.45
538.947 63.71

Table A4.6 Infrared active modes and % Transmission in RDX reported in [207].
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Mode Frequency (cm™) % Transmission

3463.818 68.46
3400.37 8.05
3341.138 34.16
3231.508 60.72
2889.42 76.494
2059.239 8.976
1990.339 9.146
1875.999 8.029
1781.91 8.642
1681.1 9.258
1549.969 8.44
1291.16 8.82
1146.53 6.844
1075.957 7.159
1012.36 12.69
931.2666 4.023
891.256 10.704
689.24 3.821
481.151 10.273
414.207 16.093

Table A4.7 Infrared active modes and % Transmission in RDX reported in [206].

175



[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

Bibliography

D. I. A. Millar, Energetic Materials at Extreme Conditions, Springer-Verlag

Berlin Heidelberg, 2012.

H. Feuer and A. T. Nielsen, Nitro Compounds, New York: VCH, 1990.
J. Kohler and R. Meyer, Explosivstoffe, 7th ed., Weinheim: Wiley-VCH,
1991.

A. T. Nielsen, Nitrocarbons, New York: VCH, 1995.

T. M. Klapdtke, B. Krumm, G. Holl and M. Kaiser, Energetic Materials:
Modeling of Phenomena, Experimental Characterization, Environmental

Engineering, Karlsruhe: Fraunhofer-Institut, 2000.
H. H. Krause, "New Energetic Materials," in Energetic Materials (Ed.: U.
Teipal), Weinheim, Wiley-VCH, 2005.

R. L. Simpson, P. A. Urtiew, D. L. Ornellas, G. L. Moody, K. S. Scribner and
D. M. Hofman, "CL-20 performance exceeds that of HMX and its sensitivity is

moderate,” Propellants Explos. Pyrotech., vol. 22, p. 249-255, 1997.

M. A. Cook, The Science of High Explosives, New York: Reinhold Publishing

Corporation, 1958.

T. Urbanski, S. Laverton and W. Ornaf, Chemistry and Technology of

Explosives, Vol. 3, Oxford: Pergamon, 1964.

176



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

R. P. Singh, R. D. Verma, D. T. Meshri and J. M. Shreeve, "Energetic
Nitrogen-rich Salts and lonic Liquids," Angew Chem Int Ed Engl., vol. 45, no.

22, pp. 3584-3601, 2006.

J. P. Agrawal, "Recent trends in high-energy materials,” Prog. Energy
Combust. Sci., vol. 24, pp. 1-30, 1998.

A. Bailey and S. G. Murray, Explosives, Propellents and Pyrotechnics,
Oxford: Brassey's, 1989.

T. L. Davis, The Chemistry of Powder and Explosives, Vol. 2, New York:
Wiley, 1943.

L. E. Fried, M. R. Manaa, P. F. Pagoria and R. L. Simpson, "Design and
Synthesis of Energetic Materials,” Annu. Rev. Mater. Res., vol. 31, p. 291-321,
2001.

C. E. Gregory, Explosives for North American Engineers, Vol. 5, Clausthal-
Zellerfeld: Trans Tech Publications, 1984.

M. A. Hiskey, N. Goldman and J. R. Stine, "High-nitrogen Energetic Materials
Derived from Azotetrazolate," J. Energ. Mater., vol. 16, p. 119-127, 1998.

P. F. Pagoria, G. S. Lee, A. R. Mitchell and R. D. Schmidt, "A review of
energetic materials synthesis,” Thermochim. Acta, vol. 384, p. 187-204, 2002.
G. Singh, I. P. S. Kapoor, S. M. Mannan and J. Kaur, "Studies on energetic
compounds: Part 8 : Thermolysis of Salts of HNO3 and HCIO4," J. Hazard.

Mater., vol. 79, pp. 1-18, 2000.

177



[19]

[20]

[21]

[22]

[23]

[24]

J. A. Conkling and C. J. Mocella, Chemistry of Pyrotechnics: Basic Principles

and Theory, 2nd edition, Boca Raton: CRC Press, 2011.

A.J. B. Robertson, "THE THERMAL DECOMPOSITION OF EXPLOSIVES
PART Il. CYCLOTRIMETHYLENETRINITRAMINE AND
CYCLOTETRAMETHYLENETETRANITRAMINE," Trans. Faraday Soc.,,

vol. 45, pp. 85-93, 1949.

F. C. Rauch and A. J. Fanelli, "The Thermal Decomposition Kinetics of
Hexahydro-1,3,5-trinitro-i-triazine above the Melting Point: Evidence for Both
a Gas and Liquid Phase Decomposition," J. Phys. Chem., vol. 73, no. 5, pp.

1604-1608, 1969.

D. F. McMillen, J. R. Barker, K. E. Lewis, P. L. Travor and D. M. Golden,
"Mechanisms of Nitramine Decomposition: Very-Low Pressure Pyrolysis of
HMX and Dimethylnitramine,” Lawrence Livermore Laboratories, Menlo

Park, 1979.

R. Shaw and F. E. Walker, "Estimated Kinetic and Thermochemistry of Some
Initial Unimolecular Reactions in the Thermal Decomposition of 1,3,5,7-
Tatranitro-1,3,5,7-tetraazacyclooctane in the Gas Phase," J. Phys. Chem, vol.

81, p. 2572, 1977.

M. A. Schroeder, "Critical Analysis of Nitramine Decomposition Data:
Activation Energies and Frequency Factors for HMX and RDX
Decomposition,” ADA160543, ARMY BALLISTIC RESEARCH LAB

ABERDEEN PROVING GROUND MD, Aberdeen, 1985.

178



[25] Y. Oyumiand T. B. Brill, "Thermal-Decomposition of Energetic Materials. 3.
A High-Rate, In situ, FTIR Study of the Thermolysis of RDX and HMX with
Pressure and Heating Rate as Variables," Combust. Flame, vol. 62, pp. 213-

224,1985.

[26] R. Behrens and S. Bulusu, "Thermal Decomposition of Energetic Materials. 4.
Deuterium-Isotope Effects and Isotopic Scrambling (H/D, C-13/0-18, N-14/N-
15) in Condensed-Phase Decomposition of 1,3,5-trinitrohexahydro-s-triazine,"

J. Phys. Chem., vol. 96, pp. 8891-8897, 1992.

[27] C.C. Chambers and D. L. Thompson, "Further-Studies of the Classical
Dynamics of the Unimolecular Dissociation of RDX," J. Phys. Chem., vol. 99,

pp. 15881-15889, 1995.

[28] B. M. Rice, G. F. Adams, M. Page and D. L. Thompson, "Classical Dynamics
Simulations of Unimolecular Decomposition of CH2NNO2: HONO
Elimination vs N—N Bond Scission,” J. Phys. Chem., vol. 99, pp. 5016-5028,

1995.

[29] Y. Shu, B. L. Korsounskii and G. M. Nazin, "Mechanism of Thermal
Decomposition of Secondary Nitramines," Russ. Chem. Rev., vol. 73, pp. 293-
307, 2004.

[30] S. Maharrey and R. Behrens, "Thermal Decomposition of Energetic Materials.
5. Reaction Processes of 1,3,5-Trinitrohexahydro-s-triazine below Its Melting

Point," J. Phys. Chem. A, vol. 109, pp. 11236-11249, 2005.

179



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

D. Habibollahzadeh, M. Grodzicki, J. M. Seminario and P. Politzer,
"Computational Study of the Concerted Gas-Phase Triple Dissociations of
1,3,5-Triazacyclohexane and Its 1,3,5-Trinitro Derivative (RDX)," J. Phys.

Chem., vol. 95, pp. 7699-7702, 1991.

C.J. Wu and L. E. Fried, "Ab Initio Study of RDX Decomposition

Mechanisms," J. Phys. Chem. A, vol. 101, pp. 8675-8679, 1997.

D. Chakraborty, R. P. Muller, S. Dasgupta and W. A. Goddard, "The
Mechanism for Unimolecular Decomposition of RDX (1,3,5-trinitro-1,3,5-
triazine), an Ab Initio Study," J. Phys. Chem. A, vol. 104, pp. 2261-2272,
2000.

D. Chakraborty, R. P. Muller, S. Dasgupta and W. A. Goddard, "A Detailed

Model for the Decomposition of Nitramines: RDX and HMX," J. Comput.-

Aided Mater., vol. 8, pp. 203-212, 2002.

I. V. Schweigert, "Ab Initio Molecular Dynamics of High-Temperature
Unimolecular Dissociation of Gas-Phase RDX and Its Dissociation Products,"
J. Phys. Chem. A, vol. 119, pp. 2747-2759, 2015.

F. P. Bowden and A. D. Yoffe, "Hot spots and the Initiation of Explosion,”
Symp. Combust. Flame Explos. Phenom., vol. 3, no. 1, pp. 551-560, 1948.

F. P. Bowden and A. D. Yoffe, Fast Reactions in Solids, London: Butterworths
Scientific Publications, 1958.

F. P. Bowden and A. D. Yoffe, Initiation and Growth of Explosion in Liquids

and Solids, Cambridge: Cambridge University Press, 1952.

180



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

D. I. Bolef and M. Menes, "Nuclear Magnetic Resonance Acoustic Absorption

in Kl and KBr," Phys. Rev., vol. 114, no. 6, pp. 1441-1451, 1959.

A. W. Campbell, W. C. Davis, J. B. Ramsay and J. R. Travis, "Shock Initiation

of Solid Explosives," Phys. Fluids, vol. 4, no. 4, pp. 511-521, 1961.

C. L. Mader, "Shock and Hot Spot Initiation of Homogeneous Explosives,"

Phys. Fluids, vol. 6, no. 3, pp. 375-381, 1963.

F. J. Zerilli and E. T. Toton, "Shock-Induced Molecular Excitation in Solids,"

Phys. Rev. B, vol. 29, no. 10, p. 5891-5902, 1984.

C. S. Coffey and E. T. Toton, "A Microscopic Theory of Compressive Wave-
Induced Reactions in Solid Explosives," J. Chem. Phys., vol. 76, no. 2, p. 949—
954, 1982.

F. E. Walker, "Physical kinetics,” J. Appl. Phys., vol. 63, no. 11, pp. 5548-
5554, 1988.

D. D. Dlott, "Optical Phonon Dynamics in Molecular Crystals,” Annu. Rev.
Phys. Chem., vol. 37, no. 1, pp. 157-187, 1986.

W. L. Wilson, G. Wackerle and M. D. Fayer, "Impurity perturbed domains:
Resonant enhancement of bulk mode CARS by coupling to the electronic
states of dilute impurities,” J. Chem. Phys., vol. 87, no. 5, pp. 2498-2504,
1987.

J. R. Hill, E. L. Chronister, T. C. Chang, H. Kim, J. C. Postlewaite and D. D.
Dlott, "Vibrational relaxation and vibrational cooling in low temperature

molecular crystals,” J. Chem. Phys., vol. 88, no. 2, pp. 949-967, 1988.

181



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

D. D. Dlott and M. D. Fayer, "Shocked moelcular solids: Vibrational up
pumping, defect hot spot formation, and the onset of chemistry," The Journal

of Chemical Physics, vol. 92, no. 6, pp. 3798-3812, 1990.

D. D. Dlott, "New Developments in the Physical Chemistry of Shock
Compression,” Annual Review of Physical Chemistry, vol. 62, no. 1, pp. 575-
597, 2011.

A. Tokmakoff, M. D. Fayer and D. D. Dlott, "Chemical Reaction Initiation and
Hot-Spot Formation in Shocked Energetic Molecular Materials,” Journal of
Physical Chemistry, vol. 97, no. 9, pp. 1901-1913, 1993.

C. M. Aubuchon, K. D. Rector, W. Holmes and M. D. Fayer, "Nitro group
asymmetric stretching mode lifetimes of molecules used in energetic
materials,” Chemical Physics Letters, vol. 299, no. 1, pp. 84-90, 1999.

B. Kraczek and P. W. Chung, "Investigation of direct and indirect phonon-
mediated bond excitation in o-RDX," The Journal of Chemical Physics, vol.
138, no. 7, p. 4505, 2013.

L. E. Fried and A. J. Ruggiero, "Energy Transfer Rates in Primary, Secondary,
and Insensitive Explosives,” J. Phys. Chem., vol. 98, p. 9786, 1994.

S. Ye, K. Tonokura and M. Koshi, "Vibron dynamics in RDX, b-HMX and
Tetryl crystals,” Chemical Physics, vol. 293, no. 1, pp. 1-8, 2003.

S. Ye, K. Tonokura and M. Koshi, "Energy Transfer Rates and Impact
Sensitivities of Crystalline Explosives,” Combust Flame, vol. 132, p. 240-246,

2003.

182



[56]

[57]

[58]

[59]

[60]

[61]

S. Ye and M. Koshi, "Theoretical Studies of Energy Transfer Rates of
Secondary Explosives," The Journal of Physical Chemistry B, vol. 110, no. 37,

pp. 18515-18520, 2006.

J. Bernstein, "Ab initio study of energy transfer rates and impact sensitivities

of crystalline explosives,” J. Chem. Phys., vol. 148, no. 8, p. 084502, 2018.

K. Joshi, M. Losada and S. Chaudhuri, "Intermolecular Energy Transfer
Dynamics at a Hot-Spot Interface in RDX Crystals," J. Phys. Chem. A, vol.

120, no. 4, pp. 477-489, 2016.

K. L. McNesby and C. S. Coffey, "Spectroscopic Determination of Impact
Sensitivities of Explosives,” J. Phys. Chem. B, vol. 101, no. 16, pp. 3097-

3104, 1997.

J. S. Ostrander, R. Knepper, A. S. Tappan, J. J. Kay, M. T. Zanni and D. A.
Farrow, "Energy Transfer Between Coherently Delocalized States in Thin
Films of the Explosive Pentaerythritol Tetranitrate (PETN) Revealed by Two-
Dimensional Infrared Spectroscopy,” J. Phys. Chem. B, vol. 121, no. 6, pp.
1352-1361, 2017.

G. Yu, Y. Zeng, W. Guo, H. Wu, G. Zhu, Z. Zheng, X. Zheng, Y. Song and Y.
Yang, "Visualizing Intramolecular Vibrational Redistribution in
Cyclotrimethylene Trinitramine (RDX) Crystals by Multiplex Coherent Anti-
Stokes Raman Scattering,” J. Phys. Chem. A, vol. 121, no. 3, pp. 2565-2571,

2017.

183



[62]

[63]

[64]

[65]

[66]

W. Wang, N. Sui, L. Zhang, Y. Wang, L. Wang, Q. Wang, J. Wang, Z. Kang,
Y. Yang, Q. Zhou and H. Zhang, "Scanning the energy dissipation process of
energetic materials based on excited state relaxation and vibration-vibration

coupling,” Chinese Physics B, vol. 27, no. 10, 2018.

A. A. L. Michalchuk, S. Rudic, C. R. Pulham and C. A. Morrison,
"Vibrationally induced metallisation of the energetic azide a-NaN3," Phys.

Chem. Chem. Phys., vol. 20, no. 46, pp. 29061-29069, 2018.

N. C. Cole-Filipiak, R. Knepper, M. Wood and K. Ramasesha, "Sub-
picosecond to Sub-nanosecond Vibrational Energy Transfer Dynamics in
Pentaerythritol Tetranitrate,” J. Phys. Chem. Lett., vol. 11, no. 16, pp. 6664-

6669, 2020.

N. C. Cole-Filipiak, M. Marquez, R. Knepper, R. Harmon, D. Wiese-Smith, P.
Schrader, M. Wood and K. Ramasesha, "Ultrafast spectroscopic studies of
vibrational energy transfer in energetic materials,” AIP Conference

Proceedings, vol. 2272, no. 1, p. 060006, 2020.

M. P. Kroonblawd, T. D. Sewell and J. B. Maillet, "Characteristics of energy
exchange between inter- and intramolecular degrees of freedom in crystalline
1,3,5-triamino-2,4,6-trinitrobenzene (TATB) with implications for coarse-
grained simulations of shock waves in polyatomic molecular crystals," J.

Chem. Phys., vol. 144, no. 6, p. 064501, 2016.

184



[67] M. P. Kroonblawd and L. E. Fried, "High Explosive Ignition through
Chemically Activated Nanoscale Shear Bands,” PRL, vol. 124, no. 20, p.

206002, 2020.
[68] E. Fermi, Nuclear Physics, Chicago: University of Chicago Press, 1950.

[69] J. Hooper, "Vibrational energy transfer in shocked molecular crystals,” The

Journal of Chemical Physics, vol. 132, p. 014507, 2010.

[70] Y. Longand J. Chen, "Theoretical study of the phonon—phonon scattering
mechanism and the thermal conductive coefficients for energetic material,”

Philosophical Magazine, vol. 97, no. 28, pp. 2575-2595, 2017.

[71] A. A. L. Michalchuk, M. Trestman, S. Rudic, P. Portius, P. T. Fincham, C. R.
Pulham and C. A. Morrison, "Predicting the reactivity of energetic materials:
an ab initio multi-phonon approach,” J. Mater. Chem. A,, vol. 7, p. 19539,
2019.

[72] C. L. Schosser and D. D. Dlott, "A picosecond CARS study of vibron
dynamics in molecular crystals: Temperature dependence of homogeneous and
inhomogeneous linewidths,” J. Chem. Phys., vol. 80, no. 4, pp. 1394-1406,
1984.

[73] G. Kumar, F. G. VanGessel, D. C. Elton and P. W. Chung, "Phonon Lifetimes
and Thermal Conductivity of the Molecular Crystal a-RDX," MRS Advances,

pp. 1-9, 2019.

185



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

G. Kumar, F. G. VanGessel and P. W. Chung, "Bond Strain and Rotation
Behaviors of Anharmonic Thermal Carriers in a-RDX," Propellants,

Explosives, Pyrotechnics, vol. 45, no. 2, 2019.

F. G. VanGessel, G. Kumar, D. C. Elton and P. W. Chung, "A Phonon
Boltzmann Study of Microscale Thermal Transport in a-RDX Cook-Off,"
arXiv:1808.08295, pp. 1-11, 2018.

G. Kumar, F. G. VanGessel, L. B. Munday and P. W. Chung, "3-phonon
scattering pathways for vibrational energy transfer in crystalline RDX," J.
Phys. Chem. A, 2021.

R. Peierls, "On the Kinetic Theory of Thermal Conduction in Crystals,” in
Selected Scientific Papers Of Sir Rudolf Peierls: (With Commentary), R. H.
Dalitz and R. Peierls, Eds., Oxford, Imperial College Press and World

Scientific Publishing Co., 1997, pp. 15-48.

C. Kittel, Introduction to Solid State Physics Eighth Edition, New York: John

Wiley & Sons, 2004.
R. Peierls, Quantum theory of solids, London: Oxford University Press, 1955.

L. Boltzmann, "Weitere Studien iber das Wormegleichgewicht unter
Gasmolekiilen,” Sitzungsberichte Akad. Wiss., Vienna, part Il, vol. 66, p. 275—
370, 1872.

M. T. Dove, Introduction to Lattice Dynamics, Cambridge: Cambridge Univ.

Press, 1993.

186



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

D. C. Wallace, Thermodynamics of Crystals, Cambridge, UK: Cambridge

Univ. Press, 1972.
G. P. Srivastava, The Physics of Phonons, New York: CRC Press, 1990.

J. Garg, N. Bonini, B. Kozinsky and N. Marzari, "N. Role of Disorder and
Anharmonicity in the Thermal Conductivity of Silicon-Germanium Alloys: A

First-Principles Study,” Phys. Rev. Lett., vol. 106, p. 45901, 2011.

A. J. H. McGaughey and M. Kaviany, "Quantitative validation of the
Boltzmann transport equation phonon thermal conductivity model under the
single-mode relaxation time approximation,” Phys. Rev. B, vol. 69, p. 94303,

2004.

C. Dames and G. Chen, "Theoretical phonon thermal conductivity of Si/Ge

superlattice nanowires,” J. Appl. Phys., vol. 95, p. 682, 2004.

D. A. Broido, M. Maloney, G. Birner, N. Mingo and D. A. Stewart, "Intrinsic
lattice thermal conductivity of semiconductors from first principles,” Appl.
Phys. Lett., vol. 91, p. 231922, 2007.

Z. Tian and e. al., "Phonon conduction in PbSe, PbTe, and PbTe 1- x Se X
from first-principles calculations,” Phys. Rev. B, vol. 85, p. 184303, 2012.

J. Garg and G. Chen, "Minimum thermal conductivity in superlattices: A first-
principles formalism,” Phys. Rev. B, vol. 87, p. 140302, 2013.

L. B. Munday, "Computational Study of the Structure and Mechanical
Properties of the Molecular Crystal RDX," Department of Mechanical

Engineering, University of Maryland, College Park, 2011.

187



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

C. S. Choi and E. Prince, "The crystal structure of

cyclotrimethylenetrinitramine,” Acta Cryst., vol. B28, pp. 2857-2862, 1972.

K. Ishioka, M. Hase, M. Kitajima, L. Wirtz, A. Rubio and H. Petek, "Ultrafast
electron-phonon decoupling in graphite,” Phys. Rev. B, vol. 77, p. 121402,

2008.

T. Dekorsy, V. A. Yakovlev, W. Seidel, M. Helm and F. Keilmann, "Infrared-
Phonon—Polariton Resonance of the Nonlinear Susceptibility in GaAs," Phys.

Rev. Lett, vol. 90, no. 5, pp. 5508-5511, 2003.

G. Deinzer, G. Birner and D. Strauch, "Ab initio calculation of the linewidth of
various phonon modes in germanium and silicon,” Phys. Rev. B, vol. 67, p.

144304, 2003.

W. S. Fann, R. Storz, H. W. K. Tom and J. Bokor, "Direct measurement of
nonequilibrium electron-energy distributions in subpicosecond laser-heated
gold films," Phys. Rev. Lett., vol. 68, pp. 2834-2837, 1992.

R. H. M. Groeneveld, R. Sprik and A. Lagendij, "Femtosecond spectroscopy
of electron-electron and electron-phonon energy relaxation in Ag and Au,"
Phys. Rev. B, vol. 51, pp. 11433-11445, 1995,

L. Lindsay and D. A. Broido, "Three-phonon phase space and lattice thermal

conductivity in semiconductors," Journal of Physics: Condensed Matter, vol.

20, no. 16, pp. 1-6, 2008.

L. Lindsay, D. A. Broido and N. Mingo, "Flexural phonons and thermal

transport in graphene,” Physical Review B, vol. 82, no. 11, p. 115427, 2010.

188



[99] J. M. Larkin, "Vibrational Mode Properties of Disordered Solids from High-
Performance Atomistic Simulations and Calculations Submitted in partial
fulfillment of the requirements for the degree of Doctor of Philosophy in
Mechanical Engineering.," Carnegie Institute of Technology, Carnegie Mellon

University, Pittsburgh, 2013.

[100] G. D. Smith and R. K. Bharadwaj, "Quantum Chemistry Based Force Field for
Simulations of HMX," The Journal of Physical Chemistry B, vol. 103, no. 18,

pp. 3570-3575, 1999,

[101] L. B. Munday, P. W. Chung, B. M. Rice and S. D. Solares, "Simulations of
high-pressure phases in RDX," The Journal of Physical Chemistry B, vol. 115,

no. 15, pp. 4378-4386, 2011.

[102] J. D. Gale and A. L. Rohl, "The general utility lattice program (GULP),"

Molecular Simulation, vol. 29, no. 5, pp. 291-341, 2003.

[103] J. D. Gale, "Analytical Free Energy Minimization of Silica Polymorphs," J.

Phys. Chem. B, vol. 102, no. 28, pp. 5423-5431, 1998.

[104] J. Sun, X. Shu, Y. Liu, Y. Jiang, B. Kang, C. Xue and G. Song, "Investigation
on the Thermal Expansion and Theoretical Density of 1,3,5-Trinitro-1,3,5-
Triazacyclohexane," Propellants, Explosives, Pyrotechnics, vol. 36, no. 4, pp.

341-346, 2011.

[105] N. B. Bolotina and A. A. Pinkerton, "Temperature dependence of thermal
expansion tensors of energetic materials,” Journal of Applied Crystallography,

vol. 48, no. 5, pp. 1364-1380, 2015.

189



[106] R. B. Schwarz, D. E. Hooks, J. J. Dick, J. I. Archuleta and A. R. Martinez,
"Resonant ultrasound spectroscopy measurement of the elastic constants of

cyclotrimethylene trinitramine," J. Appl. Phys., vol. 98, p. 056106, 2005.

[107] S. Hausstihl, "Elastic and thermoelastic properties of selected organic crystals:
acenaphthene, trans-azobenzene, benzophenone, tolane, trans-stilbene,
dibenzyl, diphenyl sulfone, 2,2-biphenol, urea, melamine, hexogen,
succinimide, pentaerythritol, urotropine, malonic,” Zeitschrift fur

Kristallographie, vol. 216, pp. 339-353, 2001.

[108] B. T. M. Willis and A. .. W. Pryor, Thermal vibrations in crystallography, vol.

1, Cambridge University Press Cambridge,, 1975.

[109] J. A. Ciezak and S. F. Trevino, "Inelastic Neutron Scattering Spectrum of
Cyclotrimethylenetrinitramine: A Comparison with Solid-State Electronic
Structure Calculations,” J. Phys. Chem. A, vol. 110, no. 15, pp. 5149-5155,

2006.

[110] R. Infante-Castillo, L. Pacheco-Londono and S. P. Hernandez-Rivera,
"Vibrational spectra and structure of RDX and its 13C- and 15N-labeled
derivatives: A theoretical and experimental study," Spectrochimica Acta Part
A: Molecular and Biomolecular Spectroscopy, vol. 76, no. 2, pp. 137-141,

2010.

[111] A. Werbin, "The Infrared Spectra of HMX and RDX," California Univ.,

Livermore, 1957.

190



[112] R. J. Karpowicz, S. T. Sergio and T. B. Brill, ".beta.-Polymorph of hexahydro-
1,3,5-trinitro-s-triazine. A Fourier transform infrared spectroscopy study of an
energetic material," Ind. Eng. Chem. Prod. Res. Dev., vol. 22, no. 2, pp. 363-

365, 1983.

[113] P. Torres, L. Mercado, 1. Cotte, S. P. Hernandez, N. Mina, A. Santana, R. T.
Chamberlain, R. Lareau and M. E. Castro, "Vibrational Spectroscopy Study of
alpha and beta RDX Deposits,” J. Phys. Chem. B, vol. 108, no. 26, pp. 8799-

8805, 2004.

[114] A. M. Figueroa-Navedo, J. L. Ruiz-Caballero, L. C. Pacheco-Londono and S.
P. Hernandez-Rivera, "Characterization of alpha- and beta-RDX Polymorphs
in Crystalline Deposits on Stainless Steel Substrates," Crystal Growth &
Design, vol. 16, no. 7, pp. 3631-3638, 2016.

[115] J. Callaway, "Model for Lattice Thermal Conductivity at Low Temperatures,”
Phys. Rev., vol. 113, no. 4, p. 1046, Feb 1959.

[116] M. G. Holland, "Analysis of lattice thermal conductivity,” Physical Review,

vol. 132, p. 2461, 1963.

[117] P. G. Klemens, "The scattering of low-frequency lattice waves by static

imperfections,” Proc. Phys. Soc. A, vol. 68, p. 1113, 1955.

[118] G. A. Slack, "The thermal conductivity of nonmetallic crystals," Solid State

Physics, vol. 34, pp. 1-71, 1979.

[119] A. A. Maradudin and A. E. Fein, "Scattering of Neutrons by an Anharnmnic

Crystal," Physical Review, vol. 128, no. 6, pp. 2589-2608, Dec 1962.

191



[120] A. A. Maradudin, A. E. Fein and G. H. Vineyard, "On the evaluation of
phonon widths and shifts," physica status solidi (b), vol. 2, no. 11, pp. 1479-

1492, 1962.

[121] A. Debernardi, S. Baroni and E. Molinari, "Anharmonic phonon lifetimes in
semiconductors from density-functional perturbation theory,” Phys. Rev. Lett.,

vol. 75, pp. 1819-1822, 1995.

[122] K. Esfarjani, G. Chen and H. T. Stokes, "Heat transport in silicon from first-

principles calculations," Phys. Rev. B, vol. 84, p. 085204, 2011.

[123] L. Lindsay, D. A. Broido and N. Mingo, "Lattice thermal conductivity of
single-walled carbon nanotubes: Beyond the relaxation time approximation
and phonon-phonon scattering selection rules,” Phys. Rev. B, vol. 80, no. 12, p.

5407, Sep 2009.

[124] L. Lindsay, D. A. Broido and T. L. Reinecke, "Thermal conductivity and large
isotope effect in GaN from first principles," Phys. Rev. Lett., vol. 109, p.

095901, 2012.

[125] J. Turney, E. Landry, A. McGaughey and C. Amon, "Predicting phonon
properties and thermal conductivity from anharmonic lattice dynamics
calculations and molecular dynamics simulations,” Phys. Rev. B, vol. 79, p.

064301, 2009.

[126] T. Feng and X. Ruan, "Quantum mechanical prediction of four-phonon
scattering rates and reduced thermal conductivity of solids," Phys. Rev. B, vol.

93, no. 4, p. 5202, Jan 2016.

192



[127] M. Born and K. Huang, Dynamical Theory of Crystal Lattices, New York:

Oxford University Press, 1954.
[128] S. Plimpton, "Fast Parallel Algorithms for Short-Range Molecular Dynamics,"
J Comp Phys, vol. 117, 1995.

[129] W. Li, J. Carette, N. A. Katcho and N. Mingo, "ShengBTE: A solver of the
Boltzmann transport equation for phonons,” Computer Physics

Communications, vol. 185, no. 6, pp. 1747-1758, 2014.

[130] A. A. Maradudin, Solid State Physics: Advances in Research and
Applications, New York: Academic Press, 1966.

[131] P. G. Klemens, "Anharmonic Decay of Optical Phonons," Phys. Rev., vol. 148,
p. 845, 1966.

[132] B. Di Bartolo, Optical Interactions in Solids, New York: Wiley, 1968.

[133] L. Bergman, D. Alexson, P. L. Murphy and e. al., "Raman analysis of phonon
lifetimes in AIN and GaN of wurtzite structure,” Phys. Rev. B, vol. 59, no. 20,

p. 12977, 1999.

[134] R. Glenn and M. Dantus, "Single Broadband Phase-Shaped Pulse Stimulated
Raman Spectroscopy for Standoff Trace Explosive Detection,” J. Phys. Chem.

Lett., vol. 7, no. 1, pp. 117-125, 2016.

[135] S. D. McGrane, J. Barber and J. Quenneville, *Anharmonic Vibrational
Properties of Explosives from Temperature-Dependent Raman,” J. Phys.

Chem. A, vol. 109, pp. 9919-9927, 2005.

193



[136] Y. Zhou, "Assessing the quantum effect in classical thermal conductivity of

amorphous silicon,” J. Appl. Phys., vol. 129, p. 235104, 2021.

[137] J. M. Larkin and A. J. H. McGaughey, "Thermal conductivity accumulation in
amorphous silica and amorphous silicon,” Phys. Rev. B, vol. 89, p. 144303,

2014.

[138] J. Nie, R. Ranganathan, Z. Liang and P. Keblinski, "Structural vs.
compositional disorder in thermal conductivity reduction of SiGe alloys," J.

Appl. Phys., vol. 122, p. 045104, 2017.

[139] A. M. A. Leguy, A. R. Gofii, J. M. Frost, J. Skelton, F. Brivio, X. Rodriguez-
Martinez, O. J. Weber, A. Pallipurath, M. I. Alonso, M. Campoy-Quiles and e.
al., "Dynamic disorder, phonon lifetimes, and the assignment of modes to the
vibrational spectra of methylammonium lead halide perovskites,” Phys. Chem.

Chem. Phys., vol. 18, p. 27051, 2016.

[140] C. Wang, C. Chan and K. Ho, "Tight-binding molecular-dynamics study of
phonon anharmonic effects in silicon and diamond,” Phys. Rev. B, vol. 42, pp.

276-283, 1990.
[141] N. de Koker, "Thermal conductivity of MgO periclase from equilibrium first

principles molecular dynamics,” Phys. Rev. Lett., vol. 13, p. 125902, 2009.

[142] J. M. Larkin, McGaughey and A. J. H, "Predicting alloy vibrational mode
properties using lattice dynamics calculations, molecular dynamics
simulations, and the virtual crystal approximation,"” Journal of Applied

Physics, vol. 114, no. 2, p. 3507, 2013.

194



[143] J. A. Thomas, J. E. Turney, R. M. lutzi, C. H. Amon and A. J. H. McGaughey,
"Predicting phonon dispersion relations and lifetimes from the spectral energy

density,” Phys. Rev. B, vol. 81, no. 8, pp. 1411-1414, 2010.
[144] W. Rudin, Real and Complex Analysis, New York: McGraw-Hill, 1987.

[145] S. 1zvekov, P. W. Chung and B. M. Rice, "Non-equilibrium molecular
dynamics simulation study of heat transport in hexahydro-1,3,5-trinitro- s-
triazine (RDX)," International Journal of Heat and Mass Transfer , vol. 54,

pp. 5623-5632, 2011.

[146] M. P. Kroonblawd and T. D. Sewell, "Predicted Anisotropic Thermal
Conductivity for Crystalline 1, 3, 5-Triamino-2, 4, 6-trinitobenzene (TATB):
Temperature and Pressure Dependence and Sensitivity to Intramolecular Force
Field Terms," Propellants, Explosives, Pyrotechnics, vol. 41, no. 3, pp. 502-

513, 2016.

[147] W. Lee, H. Li, A. B. Wong, D. Zhang, M. Lai, Y. Yu, Q. Kong, E. Lin, J. J.
Urban and J. C. Grossman, "Ultralow thermal conductivity in all-inorganic
halide perovskites," National Academy of Sciences, vol. 114, no. 33, pp. 8693-
8697, 2017.

[148] S. Mukhopadhyay, D. S. Parker, B. C. Sales, A. A. Puretzky, M. A. Mcguire
and L. Lindsay, "Two-channel model for ultralow thermal conductivity of

crystalline TI3VSe4," Science, vol. 360, no. 6396, pp. 1455-1458, 2018.

195



[149] M. Simoncelli, N. Marzari and F. Mauri, "Unified theory of thermal transport
in crystals and disordered solids,” arXiv preprint arXiv:1901.01964, pp. 1-10,

2019.

[150] R. J. Hardy, "Energy-Flux Operator for a Lattice,” Physical Review, vol. 132,
no. 1, pp. 168-177, 1963.

[151] D. G. Cahill, S. K. Watson and R. O. Pohl, "Lower limit to the thermal
conductivity of disordered crystals," Phys. Rev. B, vol. 46, no. 10, pp. 6131-
6140, 1992.

[152] P. B. Allen and J. L. Feldman, "Thermal conductivity of disordered harmonic
solids,” Phys. Rev. B, vol. 48, no. 17, pp. 12581-12588, 1993.

[153] L. Lindsay, D. A. Broido and T. L. Reinecke, "Ab initio thermal transport in
compound semiconductors,” Physical Review B, vol. 87, no. 16, p. 165201,
2013.

[154] A. Auerbach and P. B. Allen, "Universal high-temperature saturation in
phonon and electron transport,” Physical Review B, vol. 29, no. 6, pp. 2884-
2890, 1984.

[155] A. F. loffe and A. R. Regel, Progress in Semiconductors, A. F. Gibson, Ed.,
New York: John Wiley & Sons, Inc., 1960, pp. 237-291.

[156] K. Ramasesha, M. Wood, N. C. Cole-Filipiak and R. Knepper, "Experimental
and Theoretical Studies of Ultrafast Vibrational Energy Transfer Dynamics in

Energetic Materials,” Sandia National Lab, Livermore, 2020.

196



[157] M. Forst, R. 1. Tobey, H. Bromberger and e. al, "Melting of charge stripes in
vibrationally driven Lal.875Ba0.125Cu04: assessing the respective roles of
electronic and lattice order in frustrated superconductors,” Phys. Rev. Lett.,

vol. 112, p. 157002, 2014.

[158] W. Hu, S. Kaiser, D. Nicoletti, C. R. Hunt, I. Gierz, M. C. Hoffmann, M. L.
Tacon, T. Loew, B. Keimer and A. Cavalleri, "Optically enhanced coherent
transport in YBa2Cu306.5 by ultrafast redistribution of interlayer coupling,”

Nature Materials, vol. 13, p. 705-711, 2014.

[159] D. Fausti, R. I. Tobey, N. Dean, S. Kaiser, A. Dienst, M. C. Hoffmann, S.
Pyon, T. Takayama, H. Takagi and A. Cavalleri, "Light-Induced
Superconductivity in a Stripe-Ordered Cuprate,” Science, vol. 331, no. 6014,

pp. 189-191, 2011.

[160] R. Mankowsky, A. Subedi and M. e. a. Forst, "Nonlinear lattice dynamics as a
basis for enhanced superconductivity in YBa2Cu306.5," Nature, vol. 516, pp.
71-73, 2014.

[161] S. Kaiser, C. R. Hunt, D. Nicoletti, W. Hu, I. Gierz, H. Y. Liu, M. L. Tacon, T.
Loew, D. Haug, B. Keimer and A. Cavalleri, "Optically induced coherent
transport far above Tc in underdoped YBa2Cu306+3," Phys. Rev. B, vol. 89,
p. 184516, 2014.

[162] M. Rini, R. Tobey and N. e. a. Dean, "Control of the electronic phase of a
manganite by mode-selective vibrational excitation,” Nature, vol. 449, pp. 72-

74, 2007.

197



[163] M. Forst, C. Manzoni, S. Kaiser, Y. Tomioka, T. Y., R. Merline and A.
Cavalleri, "Nonlinear phononics as an ultrafast route to lattice control," Nature

Physics, vol. 7, pp. 854-856, 2011.

[164] M. Forst, R. Mankowsky, H. Bromberger, D. M. Fritz, H. Lemke, D. Zhu, M.
Chollet, Y. Tomioka, Y. Tokura, J. P. Hill, S. L. Johnson and A. Cavalleri,
"Displacive lattice excitation through nonlinear phononics viewed by
femtosecond X-ray diffraction,” Solid State Communications, vol. 169, pp. 24-

27, 2013.

[165] M. Forst, R. Mankowsky and A. Cavalleri, "Mode-Selective Control of the
Crystal Lattice," Acc. Chem. Res., vol. 48, no. 2, p. 380-387, 2015.

[166] R. I. Tobey, D. Prabhakaran, A. T. Boothroyd and A. Cavalleri, "Ultrafast
Electronic Phase Transition in Lal=2Sr3=2MnQO4 by Coherent Vibrational
Excitation: Evidence for Nonthermal Melting of Orbital Order,” Phys. Rev.
Lett., vol. 101, p. 197404, 2008.

[167] Y. Okimoto, T. Katsufuji, T. Ishikawa, Arima, T. and Y. Tokura, "Variation of
electronic structure in Lal-xSrxMnO3 (0<x<0.3) as investigated by optical
conductivity spectra,” Phys. Rev. B, vol. 55, no. 7, pp. 4206-4214, 1997.

[168] W. Grill and O. Weis, "Excitation of Coherent and Incoherent Terahertz
Phonon Pulses in Quartz Using Infrared Laser Radiation,” Phys. Rev. Lett.,
vol. 35, no. 9, pp. 588-591, 1975.

[169] W. E. Bron and W. Grill, "Phonon Spectroscopy. I. Spectral Distribution of a

Phonon Pulse," Phys. Rev. B, vol. 16, no. 12, pp. 5303-5314, 1977.

198



[170] W. E. Bron and W. Grill, "Phonon Spectroscopy. Il. Spectral, Spatial, and
Temporal Evolution of a Phonon PPulse,” Phys. Rev. B, vol. 16, no. 12, pp.

5315-5320, 1977.

[171] W. E. Bron and W. Grill, "Stimulated Phonon Emission," Phys. Rev. Lett., vol.
40, no. 22, pp. 1459-1463, 1978.

[172] A. Mayer and F. Keilmann, "Far-infrared nonlinear optics. 1. x(2) near ionic
resonance,” Phys. Rev. B, vol. 33, no. 10, pp. 6954-6961, 1986.

[173] S. Kaiser, S. R. Clark, D. Nicoletti and e. al, "Optical properties of a

vibrationally modulated solid state Mott insulator,” Sci. Rep., vol. 4, p. 3823,

2014.

[174] C. Sirtori, S. Dhillon, C. Faugeras, A. Vasanelli and X. Marcadet, "Quantum
cascade lasers: the semiconductor solution for lasers in the mid- and far-

infrared spectral regions," Phys. Status Solidi a, vol. 203, p. 3533, 2006.

[175] R. Kohler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield, A. G.
Davies, D. A. Ritchie, R. C. lotti and F. Rossi, "Terahertz semiconductor-

heterostructure laser," Nature, vol. 417, p. 156, 2002.

[176] E. Briindermann and H. P. Réser, "High repetition rate far-infrared p-type
germanium hot hole lasers," Appl. Phys. Lett., vol. 67, p. 3543, 1995.
[177] A. A. Andronov, Y. N. Nozdrin and V. N. Shastin, "Tunable FIR lasers in

semiconductors using hot holes,” Infrared Phys., vol. 27, p. 31, 1987.

[178] M. C. Hoffmann and J. A. Fuldp, "Intense ultrashort terahertz pulses:

generation and applications,” J. Phys. D: Appl. Phys., vol. 44, p. 083001, 2011.

199



[179] B. Green, S. Kovalev, V. Asgekar and G. e. a. Geloni, "High-Field High-
Repetition-Rate Sources for the Coherent THz Control of Matter,” Sci. Rep.,
vol. 6, p. 22256, 2016.

[180] P. B. Allen, "Theory of thermal relaxation of electrons in metals,” Phys. Rev.
Lett., vol. 59, pp. 1460-1463, 1987.

[181] C. Thomsen, H. T. Grahn, H. J. Maris and J. Tauc, "Surface generation and
detection of phonons by picosecond light pulses,” Phys. Rev. B, vol. 34, pp.
4129-4138, 1986.

[182] T. Dekorsy, H. Auer, H. J. Bakker, H. G. Roskos and H. Kurz, "THz
electromagnetic emission by coherent infrared-active phonons,” Phys. Rev. B,
vol. 53, pp. 4005-4014, 1996.

[183] D. Talbayev, H. Zhao, G. Lupke, J. Chen and Q. Li, "Strain and anisotropy
effects on spin waves in epitaxial La0.67Sr0.33Mn0O3 films," Appl. Phys.
Lett., vol. 86, p. 182501, 2005.

[184] D. Nicoletti and A. Cavalleri, "Nonlinear light-matter interaction at terahertz
frequencies,” Advances in Optics and Photonics, vol. 8, no. 3, pp. 401-464,
2016.

[185] D. N. Basov, R. D. Averitt, D. van der Marel, M. Dressel and K. Haule,
"Electrodynamics of correlated electron materials,” Rev. Mod. Phys., vol. 83,
pp. 471-541, 2011.

[186] A. Cavalleri, M. Rini, H. H. W. Chong, S. Fourmaux, T. E. Glover, P. A.

Heimann, J. C. Keiffer and R. W. Schoenlein, "Band-selective measurements

200



of electron dynamics in VOZ2 using femtosecond near-edge x-ray absorption,"

Phys. Rev. Lett., vol. 95, p. 067405, 2005.

[187] H. Okamoto, H. Matsuzaki, T. Wakabayashi, Y. Takahashi and T. Hasegawa,
"Photoinduced metallic state mediated by spin-charge separation in a one-
dimensional organic Mott insulator,” Phys. Rev. Lett., vol. 98, p. 037401,

2007.

[188] S. Wall, D. Brida, S. R. Clark, H. P. Ehrke, D. Jaksch, A. Ardavan and S. e. a.
Bonora, "Quantum interference between charge excitation paths in a solid state

Mott insulator,” Nat. Phys., vol. 7, pp. 114-118, 2011.

[189] H. Uemura, H. Matsuzaki, Y. Takahashi, T. Hasegawa and H. Okamoto,
"Ultrafast charge dynamics in organic one-dimensional Mott insulators,”

Physica B, vol. 405, pp. S357-S359, 2010.

[190] H. Ehrke, R. I. Tobey, S. Wall and e. al, "Photoinduced melting of anti-
ferromagnetic order in La0.5Sr1.5MnO4 measured using ultrafast resonant
soft x-ray diffraction,” Phys. Rev. Lett., vol. 106, p. 217401, 2011.

[191] D. Polli, M. Rini, S. Wall, R. W. Schoenlein, Y. Tomioka, Y. Tokura, G.
Cerullo and A. Cavalleri, "Coherent orbital waves in the photo-induced
insulator-metal dynamics of a magnetoresistive manganite,” Nat. Mater., vol.

6, pp. 643-647, 2007.

[192] N. Cole-Filipiak, R. Knepper, M. A. Wood and K. Ramasesha, "Mode-
Selective Vibrational Energy Transfer Dynamics in 1,3,5-Trinitroperhydro-

1,3,5-Triazine (RDX) Thin Films," ChemRxiv, 2021.

201



[193] L. Shi, P. Yu, J. Zhao and J. Wang, "Ultrafast Intermolecular Vibrational
Energy Transfer in Hexahydro-1,3,5-trinitro-1,3,5-triazine in Molecular
Crystal by 2D IR Spectroscopy,” J. Phys. Chem. C, vol. 124, no. 4, pp. 2388-

2398, 2020.

[194] N. K. Katturi, S. Dev G, N. Kommu, G. K. Podagatlapalli and V. R. Soma,
"Ultrafast Coherent Anti-Stokes Raman spectroscopic studies of nitro/nitrogen

rich aryl-tetrazole derivatives,” Chem. Phys. Lett., vol. 756, p. 137843, 2020.

[195] N. C. Dang, J. L. Gottfried and F. C. De Lucia, "Energetic material response to
ultrafast indirect laser heating," Applied Optics, vol. 56, no. 3, pp. B85-B91,

2017.

[196] M. S. Powell, M. N. Sakano, M. J. Cawkwell, P. R. Bowlan, K. E. Brown, C.
A. Bolme, D. S. Moore, S. F. Son, A. Strachan and S. D. McGrane, "Insight
into the Chemistry of PETN Under Shock Compression Through Ultrafast
Broadband Mid-Infrared Absorption Spectroscopy,” J. Phys. Chem. A, vol.
124, no. 35, pp. 7031-7046, 2020.

[197] L. E. Dresselhaus-Cooper, D. J. Martynowych, F. Zhang, C. Tsay, J. llavsky,
S. G. Wang, Y. Chen and K. A. Nelson, "Pressure-Thresholded Response in
Cylindrically Shocked Cyclotrimethylene Trinitramine (RDX)," J. Phys.
Chem. A, vol. 124, no. 17, pp. 3301-3313, 2020.

[198] R. J. Karpowicz and T. B. Brill, "In situ characterization of the “melt” phase of
RDX and HMX by rapid-scan FTIR spectroscopy,” Combustion and Flame,

vol. 56, no. 3, pp. 317-325, 1984.

202



[199] R. J. Karpowicz and T. B. Brill, "Librational motion of hexahydro-1,3,5-
trinitro-s-triazine based on the temperature dependence of the nitrogen-14
nuclear quadrupole resonance spectra: the relationship to condensed-phase

thermal decomposition,” J. Phys. Chem., vol. 87, no. 12, pp. 2109-2112, 1983.

[200] R. J. Karpowicz and T. B. Brill, "Comparison of the molecular structure of
hexahydro-1,3,5-trinitro-s-triazine in the vapor, solution and solid phases,"” J.

Phys. Chem., vol. 88, no. 3, pp. 348-352, 1984.

[201] M. T. Forel, A. Filhol, C. Clement, J. Pavot, M. Rey-Lafon, G. Richoux, C.
Trinquecoste and J. Cherville, "Molecular conformation of 1,3,5-
trinitrohexahydro-s-triazine (RDX) in solution,” J. Phys. Chem., vol. 13, pp.
2056-2060, 1971.

[202] N. J. Harris and K. Lammertsma, "Ab Initio Density Functional Computations
of Conformations and Bond Dissociation Energies for Hexahydro-1,3,5-
trinitro-1,3,5-triazine," J. Am. Chem. Soc., vol. 119, pp. 6583-6589, 1997.

[203] B. M. Rice and C. F. Chabalowski, "Ab Initio and Nonlocal Density
Functional Study of 1,3,5-Trinitro-s-triazine (RDX) Conformers," J. Phys.
Chem. A, vol. 101, no. 46, pp. 8720-8726, 1997.

[204] W. H. Fan, A. Burnett, P. C. Upadhya, J. Cunningham, E. H. Linfield and A.
G. Davies, "Far-infrared spectroscopic characterization of explosives for
security applications using broadband terahertz time-domain spectroscopy,"

Appl. Spectrosc., vol. 61, no. 6, p. 638, 2007.

203



[205] D. G. Allis, J. A. Zeitler, P. F. taday and T. M. Korter, "Theoretical analysis of
the solid-state terahertz spectrum of the high explosive RDX," Chem. Phys.

Lett., vol. 463, pp. 84-89, 2008.

[206] Z. Igbal, K. Suryanarayanan and J. R. Autera, "Infrared and Raman Spectra of
1,3,4-Trinitro-1,3,5-Triazacyclohexane (RDX)," National Technical

Information Service, Dover, New Jersey, 1972.

[207] E. da Costa Mattos, E. D. Moreira, M. F. Diniz, R. C. L. Dutra, G. da Silva, K.
Iha and U. Teipel, "Characterization of Polymer-Coated RDX and HMX
Particles,”" Propellants, Explosives, Pyrotechnics, vol. 33, no. 1, pp. 44-50,

2008.

204



