
Selective Phonon Stimulation Mechanism to Tune Thermal
Transport
Gaurav Kumar and Peter W. Chung*

Cite This: ACS Omega 2022, 7, 12787−12794 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In this paper, we determine the degree to which
changes can be induced in the equilibrium thermal diffusivity and
conductivity of a material via a selective nonequilibrium infrared
stimulation mechanism for phonons. Using the molecular crystal
RDX, we use detailed momentum-dependent coupling information
across the entire Brillouin zone and the phonon gas model to show
that stimulating selected modes in the spectrum of a target material
can induce substantial changes in the overall thermal transport
properties. Specifically in the case of RDX, stimulating modes at
∼22.74 cm−1 over a linewidth of 1 cm−1 can lead to enhanced
scattering rates that reduce the overall thermal diffusivity and
conductivity by 15.58 and 12.46%, respectively, from their
equilibrium values. Due to the rich spectral content in the
materials, however, stimulating modes near ∼1140.67 cm−1 over a similar bandwidth can produce an increase in the thermal
diffusivity and conductivity by 55.73 and 144.07%, respectively. The large changes suggest a mechanism to evoke substantially
modulated thermal transport properties through light−matter interaction.

■ INTRODUCTION

The use of strong optical pulses in far-to-mid infrared (IR)
range (0.1−100 THz) with optical power ranging from milli-
Watts to several Watts has emerged as a powerful tool to study
material properties in solid-state and condensed matter
systems under nonequilibrium conditions.1−15 In particular,
in energetic materials where phonons are the primary carriers
of heat, ultrafast laser heating and spectroscopy have enabled
the investigation of shock-induced chemistry16−18 and subpico-
second vibrational energy-transfer dynamics19−22 to form a
more complete understanding of the shock-to-initiation
process.
For a molecular crystal to absorb IR radiation, the light must

interact with the electrons to induce molecular dipoles at
frequencies that match phonon mode frequencies (ωIR = ωph).
At equilibrium, phonon populations follow Bose−Einstein
statistics.23 However, the absorption of optical energy leads to
a nonequilibrium distribution of phonons (and/or electrons),
which, in turn, will lead to significant changes in phonon−
phonon (and/or electron−phonon) scattering rates and evoke
a nonequilibrium thermal transport mechanism.24−30 Efforts
have traditionally used structurally induced changes to the
intrinsic scattering properties to affect thermal transport.31 But
new directions have investigated nondiffusive thermal trans-
port by phonons upon optical excitation in which the phonon
distribution has departed from equilibrium due to photo-
excitation of the lattice.25−28,32−34

The inducement of nonequilibrium occurs in physical
processes in many applications such as laser−matter
interactions, irradiation in nuclear reactors, etc.15,35 and is
considered to be one of the reasons for a wide range of thermal
conductivity values reported for single-layer graphene.36−40

Selective stimulation mechanisms have been explored recently
to tailor transient electron−phonon and phonon−phonon
interactions over subpicosecond time through photoexcita-
tions41−47 as well as to understand the obfuscating role
multiphonon scattering mechanisms play on single phonon
dynamics.42,48,49 The question then follows, “to what extent
does selective stimulation affect the intrinsic lattice thermal
conductivity and diffusivity of the target material?” It is not
obvious a priori that selective stimulation will increase or
decrease the overall transport properties of the material, if at
all. This is partly because the relationship between atomic
structure and thermal conductivity is highly nonlinear.
According to Fermi’s Golden Rule (FGR),50 the transport
properties depend on an integral over transition probabilities
tied to the phonon dispersion (eigenvalues) and the
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anharmonic coupling between the modes that depend, in turn,
on the chemical and physical structures of the material.
However, this nonlinearity might be exploitable; stimulation of
certain frequencies can possibly induce lower or higher thermal
transport properties overall through a controlled disruption to
the equilibrium scattering network. In the context of energetic
materials, the lattice thermal properties are also strongly
correlated to initiation properties;51,52 insofar as phonons
mediate thermal transport, controlling the degree to which
phonons contribute to thermal transport may also afford
control over thermally or vibrationally induced chemical
reactions.
In this work, we perform a numerical experiment to explore

how selective stimulation, by systematic perturbation of
phonon occupation levels from equilibrium in narrow
frequency bands in crystalline α-RDX, can modify the overall
thermal transport properties of the material. We limit our
consideration to three-phonon scattering processes under the
single-mode relaxation time approximation (SMRTA)53−55

and the contribution of propagating thermal carriers to thermal
conductivity using the phonon gas model (PGM).56−60

■ RESULTS AND DISCUSSION
Figure 1 shows the average percent change in three-phonon
scattering rates (% ΔΓavg,Φs) resulting from stimulating the 15

phonon bands one at a time. The definitions for measuring the
effect of stimulation are provided in section S3 of the
Supporting Information. The results indicate that a substantial
increase in scattering rates can be achieved upon (a)
stimulating the low-frequency band at 22.74 cm−1 resulting
in an average ∼29% increase in the modewise scattering rates
(average over 32,256 phonon modes in RDX) or (b)
stimulating the mid-frequency band at 582.36, 1140.67, or
1299.72 cm−1 resulting in average ∼46, ∼165, or ∼51%
increase in the modewise scattering rates, respectively. The
low-frequency band at 22.74 cm−1 corresponds to molecular
translation and the mid-frequency bands at 582.36, 1140.67,
and 1299.72 cm−1 correspond to ring bending, twist, and
rocking, CH2 twist and rocking, and NN equatorial stretching
and CH2 rocking, respectively, as shown in Table S1 of the
Supporting Information. The large change in scattering rates
upon stimulating the low-frequency band can be attributed to a

combination of two factors: (i) The lowest-frequency modes
are responsible for over 99% of the mode-to-mode scattering
(details can be found in our earlier work61) due to their strong
anharmonic coupling with other modes and a large phase space
volume available for three-phonon scattering and (ii) the
majority of the low-frequency modes scatter via absorption
processes (ϕ1 + ϕ2 → ϕ3) involving two other low-frequency
modes, and since the increase in the phonon population of the
stimulated low-frequency modes is ∼120%, a proportionate
∼29% increase is observed in the scattering rates. This increase
in scattering rates also leads to a substantial decrease in average
modewise diffusivity and scalar thermal conductivity by 15.58
and 12.46%, respectively, as shown in Figures 2 and 3,

respectively. In contrast, the mid-frequency modes scatter
primarily via emission processes (ϕ1 → ϕ2 + ϕ3) involving
another mid-frequency mode. Although these modes are less
anharmonic compared to the lowest-frequency modes and
therefore scatter less, the phonon population of the mid-
frequency modes can increase by over 1000% resulting in anFigure 1. Average percent change in modewise scattering rates upon

stimulating 15 frequency bands in RDX (stimulating one band at a
time). Large increases in scattering rates are observed upon
stimulating the bands at 22.74, 582.36, 1140.67, or 1299.72 cm−1.

Figure 2. Average percent change in modewise diffusivities upon
stimulating 15 frequency bands in RDX (stimulating one band at a
time). A substantial decrease in the diffusivity is observed upon
stimulating the low-frequency band at 22.74 cm−1, and a substantial
increase is observed upon stimulating the mid-frequency bands at
582.36, 1140.67, or 1299.72 cm−1.

Figure 3. Percent change in the scalar thermal conductivity upon
stimulating 15 frequency bands in RDX (stimulating one band at a
time). A substantial decrease in the conductivity is observed upon
stimulating the low-frequency band at 22.74 cm−1, and a substantial
increase is observed upon stimulating the mid-frequency bands at
582.36, 1140.67, or 1299.72 cm−1.
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overall large average percent increase in the scattering rates, as
shown in Figure 1. It should also be noted that stimulating the
band at 582.36, 1140.67, or 1299.72 cm−1 leads to a close to
100% decrease in the scattering rate for some of the mid-
frequency modes. Specifically, stimulating the band at 1140.67
cm−1 leads to a ∼100% decrease in the scattering rate for a
large number of modes at frequencies around 301, 550−580,
838, and 920 cm−1, as shown in Figure 4, enabling those

modes to be frustrated to the point that they do not contribute
to the scattering dynamics. Not surprisingly, such a large
decrease means scattering rates are driven to near zero and the
associated carriers now have very large mean free paths, as
shown in Figure 5. As a result, stimulating the aforementioned
mid-frequency bands leads to a substantial increase in the
diffusivity and thermal conductivity in RDX, as shown in
Figures 2 and 3, respectively. Since the thermal diffusivity
represents the amount of heat that flows through the phonon
modes (diffusivity is defined as the conductivity per unit
specific heat), an increase in the diffusivity reduces the

possibility of localization of vibrational energy, which is
important in the context of reaction initiation.51,52,62 It should
be expected that selectively stimulating the appropriate modes
will increase or decrease reaction sensitivity. Table 1 identifies
the top three-phonon bands in RDX whose selective
stimulation will likely produce substantial increases/decreases
in the thermal diffusivity and conductivity.

Figure 6 (left) shows the modewise phonon lifetimes under
equilibrium (before band stimulation) along with the largest
and smallest modewise lifetime values after stimulating the 15
frequency bands. For each mode ϕ1, the largest and smallest
l i fet imes after band st imulat ion are defined as

τ τ= { }ϕ ϕ
Φ Φ =max i

,max
, 1 to 15i

1

S

1

S and τ τ= { }ϕ ϕ
Φ Φ =min i

,min
, 1 to 15i

1

S

1

S ,

respectively. Figure 6 (right) shows the largest phonon lifetime
across all 32,256 modes in RDX upon stimulating each
frequency band, defined as τϕ,max

ΦS = max {τϕi=1 to 32,256

ΦS }. Our results
indicate that stimulating the modes can lead to an increase in
modewise lifetime values up to four orders of magnitude. The
largest % increase in lifetime is observed for several modes
around ∼301, from ∼550 to ∼580 cm−1, ∼838, and 920 cm−1.
The largest phonon lifetime across all 32,256 modes is
observed to be 663.88 ps after stimulating the band at 582.36
cm−1, 4784.26 ps after stimulating the band at 1299.72 cm−1,
and 2272.90 ps after stimulating all other bands. The largest
phonon lifetime in the system indicates how long would the
phonon distribution deviate from the equilibrium state caused
by IR stimulation.
In our earlier work,61 we showed that the phonon lifetimes

estimated via FGR using three phonon scattering processes
under SMRTA are in good agreement with the experimentally
reported lifetime values.63,64 The subpicosecond lifetimes for
the low-frequency modes in RDX reported in our work are
similar to the lifetimes reported by McGrane et al.65 for other
energetic materials like PETN, HMX, and TATB at 295 K.
The relaxation times of the nitro group wagging and rotation
modes and asymmetric stretching modes observed in our work
are also similar to the values reported by Aubuchon et al.66 and
Ostrander et al.67 Furthermore, the subpicosecond anisotropy
decay due to scattering of the nitro group modes with the low-
frequency phonon modes up to 192 cm−1 reported in our work
is consistent with the observations made by Ramasesha et al.
who used ultrafast infrared spectroscopy to probe a narrow
band at 1533 cm−1 in thin-film RDX.68 These suggest that the
three phonon scattering model can provide an accurate
description of the anharmonic coupling and the phonon−
phonon relaxation process in RDX under ambient conditions.
The earlier calculations69,70 based on PGM with three

phonon scattering significantly underestimated the thermal
conductivity; however, this is because PGM treats all phonons

Figure 4. Percent reduction in modewise scattering rates upon
stimulating the band at 1140.67 cm−1. A close to 100% decrease in the
scattering rate is observed for modes around 301, 550−580, 838, and
920 cm−1. Negative values indicating an increase in the modewise
scattering rate have been ignored due to the log scale.

Figure 5. Percent change in modewise mean free paths upon
stimulating the band at 1140.67 cm−1. Due to an ∼100% decrease in
scattering rates in some modes as shown in Figure 4, these modes
have a very high mean free path leading to a large increase in the
diffusivity and thermal conductivity, as shown in Figures 2 and 3,
respectively. Negative values for % change in the modewise mean free
path have been ignored due to the log scale.

Table 1. Ranking of Phonon Bands in RDX Based on Their
Ability to Increase or Decrease Thermal Diffusivity or
Conductivity upon Stimulationa

ranking 1 2 3

increase diffusivity 582.36 1140.67 1299.72
decrease diffusivity 22.74 71.25 43.99
increase conductivity 1140.67 582.36 1299.72
decrease conductivity 22.74 71.25 83.38

aNumbers in the table represent the frequency of phonon bands in
cm−1.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07364
ACS Omega 2022, 7, 12787−12794

12789

https://pubs.acs.org/doi/10.1021/acsomega.1c07364?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07364?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07364?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07364?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07364?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07364?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07364?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07364?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


as propagating carriers while neglecting the diffusive nature of
transport. However, we presently observe that the contribution
of each mode to thermal conductivity is proportionally similar
in both PGM (propagating carriers) and Allen−Feldman
model71 (diffusive carriers), as shown in Section S4 of the
Supporting Information. This implies that proportional
changes to mode occupancies through stimulation will affect
the scattering behavior, which the present model determines
accurately only in a proportional sense. Thus, the relative
change in the overall thermal transport is presently accurate
even if the precise value of the thermal conductivity is not.
Although the lack of experimental studies investigating the

effects of IR radiation on the intrinsic phonon scattering and
lattice thermal conductivity in crystalline RDX limits a
quantitative comparison of our observations with other
published literature. However, qualitatively, our results are
consistent with the observations in the existing literature on
three levels: (a) The use of ultrafast optical pulses has been
shown to control molecular motion and drive the phonon
population out of equilibrium in a wide range of
materials.8,24,27,28,47,72−77 Weiner et al. stimulated the low-
frequency phonons at 33, 56, 80, and 104 cm−1 in the α-
perylene molecular crystal using femtosecond pulses. Chapman
et al. achieved direct electromagnetic stimulation of transverse-
optical phonons at ∼1075 cm−1 in quartz via irradiation with a
CO2 laser and observed enhancement of X-ray diffuse
scattering due to anharmonic decay from zone-center and
zone-boundary phonons.78 (b) The highly nonequilibrium
distribution of phonons has been shown to affect the phonon
scattering and vibrational energy-transfer rates.44,79−83 Follow-
ing the IR pumping of the T1u mode in a liquid solution of
tungsten hexacarbonyl in carbon tetrachloride at 1980 cm−1,
Tokmakoff et al. observed phonon scattering rates two orders
of magnitude higher than the vibrational energy flow out of the
CO stretching modes.84 Groeneveld et al. investigated the
strength of electron−phonon coupling in gold and silver thin
films and showed an increase in electron−phonon relaxation
time with an increase in laser energy density.85 (c) Lattice
distortion and change in phonon scattering rates due to
irradiation have been shown to modify the thermal trans-
port.25,32,86−90 Alibay et al. demonstrated ignition modulation

via microwave stimulation of nAl/MnOx energetic compo-
sites.91 Senor et al. reported up to 50% reduction and up to
36% increase in the thermal conductivity of various SiC
composites upon irradiation due to phonon−phonon and
phonon−defect scattering.92 Chiloyan et al. studied non-
diffusive thermal transport at small distances within the
Boltzmann transport equation (BTE) framework in single-
crystal silicon and reported that nonthermal phonon
populations produced by a micro/nanoscale heat source can
lead to enhanced heat conductivity.32 Enhanced thermal
conductivity is also observed in the solution of BTE for the
pump−probe geometry when interfacial phonon transmission
led to nonequilibrium phonon distribution in the silicon
substrate.33 Zhao et al. reported an ∼70% reduction in the
thermal conductivity of individual Si nanowires via selective
helium ion irradiation due to intrinsic phonon−phonon,
phonon−boundary, and phonon−defect scattering.93 Aring et
al. reported a reduction in the thermal conductivity of UO2 by
two orders of magnitude after far-infrared absorption at 17.6,
19.2, 23, 79, and 100 cm−1 due to a strong phonon−magnon
scattering.94 Alaie et al. demonstrated a decrease in the thermal
conductivity in Si with an increase in the Ga+ ion irradiation
dose (up to 1016 Ga+/cm2) due to lattice distortion that
modifies the phonon dispersion and scattering rates.95

The current work is based on several assumptions such as
only the first anharmonic term of the Hamiltonian is
considered (three phonon scattering), SMRTA, and the
contribution of propagating thermal carriers only is considered
(phonon gas model). And therefore, an improvement in the
accuracy of the results is expected upon including the
contribution of the diffusive carriers, fully nonequilibrium
relaxation of phonons, and considering the higher-order
phonon scattering events.

■ CONCLUSIONS
In conclusion, we have shown a proof of concept that based on
a highly resolved momentum-dependent calculation of the
complete Brillouin zone of a material, selective stimulation of
certain low- and mid-frequency phonons can have a substantial
positive/negative effect on the thermal diffusivity and
conductivity. As phonons are driven out of equilibrium, a

Figure 6. (left) Largest and smallest modewise lifetime values (τϕ1,max
ΦS and τϕ1,min

ΦS ) after stimulating the 15 frequency bands; stimulating the modes
can lead to an increase in modewise lifetime values up to four orders of magnitude. The largest % increase in lifetime is observed for several modes
around ∼301, from ∼550 to ∼580, ∼838, and 920 cm−1. (Right) Largest phonon lifetime across all 32,256 modes (τϕ,max

ΦS ) in RDX upon stimulating
each frequency band. The largest phonon lifetime across all 32,256 modes is observed to be 663.88 ps after stimulating the band at 582.36 cm−1,
4784.26 ps after stimulating the band at 1299.72 cm−1, and 2272.90 ps after stimulating all other bands.
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large increase/decrease in the three phonon scattering rates is
observed leading to large changes in the phonon mean free
paths. Specifically shown in RDX, stimulating the low-
frequency band at 22.74 cm−1 can lead to a reduction in the
thermal conductivity by 12.46%, which may result in increased
sensitivity. In contrast, stimulating the mid-frequency bands at
582.36, 1140.67, or 1299.72 cm−1 can lead to an increase in the
thermal conductivity by 108.45, 144.07, and 23.59%,
respectively, which may lead to reduced sensitivity.

■ COMPUTATIONAL DETAILS
A quantum chemistry-based force field96 is used to calculate
the anharmonic force constants and the harmonic phonon
properties over a uniform 6 × 6 × 6 grid of k-points under
ambient conditions.61 The details on the convergence of
harmonic and anharmonic phonon properties with respect to
the number of Brillouin zone sampling points can be found in
the Supporting Information of our earlier work.61 Based on the
IR spectroscopy data in the literature,97−104 15 IR active
modes in RDX spanning the complete phonon spectrum are
identified and shown in Table S1. For each IR active mode, a
band of discrete modes is defined using the spectral profile
shown in Figure S1. The discrete modes that fall within a 1
cm−1 linewidth of the listed IR active mode are included in
each band. The number of modes included in the band will
depend on the choice of the density of k-points. Presently,
based on the k-points selected, a typical band contains roughly
50−60 discrete modes. The index Φs is used to represent the
bands hereafter.
With recent advances in laser sources, laser fluence on the

order of a few eV/A2 is achievable;105−108 therefore, an optical
energy input (Ein,Φs

) of 1 eV is used for stimulating the
phonons in the first band (ωIR = 22.74 cm−1), and since the
optical energy of the lasers is proportional to the radiation
frequency (EIR = ℏωIR), Ein,Φs

is increased linearly with
ωIR,

12,13,108,109 as shown in Table S2 of the Supporting
Information. In addition, the stimulation energy (Ein,Φs

) and %

AbsorptionΦs
(Table S1) are assumed constant for all phonon

modes within a band. The optical energy absorbed by the
phonons in the band Φs is calculated as Eabs,Φs

= Ein,Φs
× %

AbsorptionΦs
, where modewise %AbsorptionΦs

are obtained
from the literature as discussed in section S1 of the Supporting
Information. The resulting increase in the population of the
phonons due to stimulation is calculated as ΔnΦs

= Eabs,Φs
/EIR,

where EIR = ℏωIR and ωIR represent the frequency of the IR
active phonon mode.
The change in the scattering rate of a phonon mode ϕ1

when phonons in the band ΦS are stimulated can be calculated
as
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where Γϕ1

ΦS and Γϕ1
represent the scattering rates of mode ϕ1

when phonons in band ΦS are stimulated and without any
phonon stimulation, respectively, ϕ1, ϕ2, ϕ3 are indices for the

three phonons involved in the scattering events, L− represents
the strength of emission scattering (ϕ1 → ϕ2 + ϕ3) and L+
represents the strength of absorption scattering (ϕ1 + ϕ2 →
ϕ3), nϕ

0 represents the equilibrium phonon population of mode
ϕ modeled using the Bose−Einstein distribution, and nϕ

S = nϕ
o

+ ΔnΦS
represents the perturbed population of phonon mode

ϕ in the stimulated band ΦS. The details of the three-phonon
scattering rate calculation using Fermi’s golden rule (FGR) can
be found in section S2 of the Supporting Information. Within
an incoherent phonon representation, as is used presently, the
energy imparted by a radiation source must necessarily result
in a positive change in the population of stimulated modes, and
the anharmonic coefficients L± and the difference (nϕ

S − nϕ
0)

must likewise be positive. This implies that the change in the
scattering rate in eq 1 for emission processes (L− terms) is
always positive, whereas absorption processes (L+ terms) can
be either positive or negative. Therefore, overall, a stimulation
of phonons can induce both positive and negative changes in
the intrinsic scattering rates among modes depending on the

value of − +
−( )LL

2
associated with a given triplet of modes. In

addition, eq 1 indicates that the change in the scattering rate
ΔΓϕ1

ΦS is linearly proportional to the change in phonon

population ΔnΦs
= (nϕ

S − nϕ
0) and therefore is linearly

proportional to the optical energy input Ein,Φs
. Namely, the

magnitude of a frustration or stimulation effect will depend on
the choice of the optical energy source. It should be noted that
stimulation can yield either a positive or negative change in the
scattering rate of a given mode. Since the carrier properties are
dependent on the chemical interactions and the structural
morphology of the material, no simple method appears to exist
that can be used to predict whether stimulation of a band will
frustrate or stimulate the scattering of any mode.
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