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Abstract

Here, using boron arsenide (BAs) as a physically motivated case study, we reveal
the role of higher-order phonon scattering in thermal conductivity modulation through
targeted phonon excitation. Using first-principles calculations and phonon Boltzmann
transport analysis, it is found that targeted phonon excitation induces strongly
frequency-dependent thermal-conductivity responses in bulk BAs. Within the three-
phonon-only framework, the modulation effect at 300 K is weak, with only marginal
enhancement tendencies observed when exciting phonons in a narrower frequency
range of about 6.4~7.0 THz. However, in the combined three- and four-phonon
scatterings, the response is changed toward suppressive modulation. The strongest
suppression occurs at 20.5 THz, with k/k, droppingto 0.828 and 0.415 for occupation
multipliers of 5 and 25, respectively. The scattering-rate analysis reveals that four-
phonon scattering elevates the intrinsic scattering background and enhances
population-modification-induced scattering of low-frequency heat-carrying phonons.
Furthermore, comparing 300 K and 100 K shows that lowering temperature weakens
the contribution of four-phonon scattering and partially restores three-phonon-like
modulation features. These findings provide mechanistic insight into the role of higher-
order phonon scattering in targeted phonon-population control of bulk BAs and advance

the understanding of phonon-based thermal modulation in bulk anharmonic materials.
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Introduction

Thermal conductivity, which quantifies the ability of a material to conduct heat,
plays a vital role in numerous technological applications!!¥l. Materials with high
thermal conductivity, such as graphene and boron nitride, are ideal for heat dissipation
in electronic devicesl®!, whereas low thermal conductivity is crucial for achieving high
thermoelectric figure of merit (zT) and energy conversion efficiency!®®l. The capability
to precisely modulate thermal conductivity is therefore essential for addressing these

contrasting demands.

Conventional strategies for tuning thermal conductivity®!# including

[15-17 18-20 21-23 24,25]

nanostructuring!>-171, doping!®-2%), introducing disorder?!?*], and applying strain!
primarily rely on manipulating phonon transport through structural modifications. For
instance, Wan et al. minimized the thermal conductivity of graphene nanoribbons
through resonance-hybridized nanopillar designs that optimize phonon transport!2®],
while Chen et al. significantly enhanced polyethylene thermal conductivity via stretch-
induced polymer chain alignment”l. Although effective, these methods typically
induce irreversible structural changes, preventing dynamic and reversible thermal
modulation. Consequently, there is a pressing need for thermal conductivity control

mechanisms that preserve intrinsic material structure.

Recently, targeted phonon excitation has emerged as a promising strategy for
modulating thermal transport by selectively perturbing phonon populations, scattering,

28311 In two-

and mode coupling without introducing permanent structural changes!
dimensional materials, this idea has already shown remarkable potential: graphene
exhibits a 28% enhancement or 49% suppression in thermal conductivity®®!, while
hexagonal boron nitride (hBN) shows tunability ranging from 30% enhancement to 60%

2] In parallel, terahertz phonon engineering in van der Waals

suppressionl
heterostructures has further highlighted the unusual ability of low-dimensional systems

to generate, manipulate, and confine nonequilibrium phonon excitations!?],



Experimental studies have also begun to demonstrate the feasibility of selective phonon
control; for example, direct terahertz excitation of low-energy phonons was shown to
prolong hot-carrier cooling in halide perovskites®!l, and intense terahertz pulses were
found to excite a Raman-active Alg phonon in bismuth®?), These advances collectively
suggest that targeted phonon excitation provides a fundamentally new route for in situ
control of heat transport beyond conventional structure-modification strategies.
However, extending this strategy to three-dimensional bulk crystals requires the
consideration of richer phonon scattering phase space and coupling pathways

associated with the full three-dimensional Brillouin zone.

Boron arsenide (BAs), with an ultrahigh thermal conductivity®**-*¢! and weak
anharmonicity, provides a physically motivated case study for examining thermal
conductivity modulation response to targeted phonon excitation in bulk materials.
Unlike many conventional bulk crystals in which three-phonon (3ph.) scattering usually
dominates thermal resistance and higher-order scattering is often a minor correction,
BAs has a strongly restricted three-phonon scattering phase space associated with its
large acoustic—optical phonon gap. As a result, four-phonon (4ph.) scattering
contributes appreciably to phonon relaxation and can substantially modify its thermal
conductivity. This unusual balance between weak three-phonon scattering and non-
negligible four-phonon scattering makes BAs a suitable system for investigating how
higher-order anharmonicity influences targeted phonon-population control within this

material.

This work takes bulk boron arsenide (BAs) as a physically motivated case study
to investigate how higher-order phonon scattering influences thermal conductivity
modulation response to targeted phonon excitation in bulk materials. Based on first-
principles calculations and phonon Boltzmann transport analysis, we first map out the
frequency-dependent modulation behavior of thermal conductivity in BAs at room
temperature within both the three-phonon-only and the combined three-phonon plus

four-phonon scatterings. By comparing these two frameworks, we reveal how four-



phonon scattering alters the thermal-transport response from weak modulation with
marginal enhancement tendencies to predominantly suppressive behavior. In addition,
the temperature dependence modulation is examined by comparing the results at 300 K
and 100 K. Finally, the microscopic origin of the modulation is analyzed from the
perspective of intrinsic scattering background and population-modification-induced

scattering enhancement of low-frequency heat-carrying phonons.

Methods

First-principles calculations were performed using density functional theory (DFT)
with the projector augmented wave (PAW) method as implemented in the Vienna Ab
initio Simulation Package (VASP)[*738], The calculations used for the initial phonon-
property benchmark employed the corresponding DFT settings to obtain the structural
and harmonic properties of BAs. The lattice constants and internal atomic positions
were fully relaxed until atomic forces were below 1x10° eV/A. The optimized lattice

constant of BAs is 4.742 A, consistent with the experimental value of 4.777 AB>39],

The crystal structure and a set of interatomic force constants (IFCs), including the
second-, third-, and fourth-order terms, are obtained based on first-principles
calculations using the PBEsol functional in a previous work 4’1, These were adopted
for the phonon and thermal properties calculations. For the direct comparison between
the three-phonon-only (3ph.-only) and combined three-phonon plus four-phonon

(3ph.+4ph.), the same BAs crystal structure and consistent IFCs were used.

The three-phonon lattice thermal conductivity was calculated by iteratively
solving the linearized phonon Boltzmann transport equation (BTE) using
ShengBTE ], A T-centered 30x30x30 g-mesh was used. The g-mesh convergence
was evaluated by comparing the intrinsic thermal conductivity obtained with
increasingly dense g-point samplings, and a relative variation below 1% upon further

refinement was adopted as the convergence criterion.



Because four-phonon scattering plays an important role in BAs!*?#, the targeted-
excitation calculations were further extended to the combined three-phonon plus four-
phonon framework using the open-source FourPhonon packagel®?l, which is
implemented as an extension of ShengBTE™!l. In these calculations, the three-phonon
contribution was treated through the iterative solution of the linearized BTE, whereas
the four-phonon scattering contribution was incorporated through the diagonal term
within the single-mode relaxation time approximation (SMRTA), following the

implementation of the FourPhonon framework.

A customized script was developed based on the ShengBTE/FourPhonon package
to implement targeted phonon excitation by modifying distributions of phonons in
selected frequency windows, while the thermal conductivity calculations themselves
were performed within the original semi-classic BTE framework implemented by

ShengBTE/FourPhonon package!*l,

The lattice thermal conductivity was evaluated within the phonon BTE using

ShengBTE package!**#!], The expression is given by

1
B _ B
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where kg is the Boltzmann constant, £ is the volume of the unit cell, T is the

absolute temperature, N is the number of g-points sampling the Brillouin zone, f, is

the Bose—Einstein distribution function f,(w;) = m, h is the reduced
oT)—

Planck constant, w, is the angular frequency of phonon mode A, v§ and vf are the

group velocity components of phonon mode A along the a and f directions,
respectively, and 7, is the lifetime of phonon mode A. For calculations including four-
phonon scattering, the three-phonon contribution was retained in the iterative BTE
solution, while the four-phonon scattering contribution was incorporated through the
diagonal relaxation term within the single-mode relaxation time approximation

(SMRTA), following the implementation of the FourPhonon framework. The total



scattering rate was determined according to Matthiessen’s rule as

-1 _ -1 -1 -1
Ty, = TA,3ph + T/’L4ph + T)L,iso (2)
where T éph, T iph and T, i, denote the scattering rates arising from three-phonon,

four-phonon, and isotope scattering, respectively. The four-phonon contribution was

further written as

Thapn = Ta (e T T + T (o) C)
where (++), (+—), and (—) represent the recombination, redistribution, and splitting

channels of four-phonon scattering, respectively.

Targeted phonon population modification was modeled as a prescribed
modification of the population of selected phonon modes rather than a direct simulation
of a specific transient excitation process. For phonon modes within the targeted

frequency window W, the reference nonequilibrium population was defined as

Nn), e W
A { (4)

T e w

where nj represents the equilibrium Bose—Einstein population at temperature T,

W denotes the selected frequency window with a width of 0.1 THz, and N is a
dimensionless occupation multiplier used to parameterize the population enhancement

of selected phonon modes.

Note that the occupation multiplier N is introduced as a controlled parameter to
study how a prescribed mode-selective nonequilibrium population modifies phonon
scattering and thermal transport. It does not represent an experimental pump fluence,

electric-field strength, pulse energy, or lattice temperature.

Within the phonon transport calculation, the total phonon population was

considered as



ny =n; +dny (5)

where nj represents the prescribed driven nonequilibrium reference population

and 6n, denotes the small deviation induced by the temperature gradient during
thermal transport. In this formulation, nj is treated as a prescribed driven reference
population assumed to be maintained by an external source, and the linearization is
applied only to the temperature-gradient-induced perturbation 6én,; around this
reference state. Therefore, the present approach does not describe the formation or
transient relaxation of the modified phonon population. Instead, it evaluates the
thermal-conductivity response in a steady-state simulation with prescribed modification

of selected phonon populations.

The thermal conductivity was recalculated within the same transport framework
using the modified phonon population. This treatment is intended to investigate how
higher-order phonon scattering affects the thermal-conductivity response in steady-
state simulations with prescribed targeted phonon excitation, rather than to describe the
complete formation, relaxation, or pump—probe dynamics of nonequilibrium phonons.
The applicability of this framework relies on the validity of the phonon quasiparticle
picture and on the assumption that the external driving modifies the selected phonon

populations without substantially altering the underlying atomic interactions.

Because direct 3ph.+4ph. calculations for every targeted-excitation case were
computationally prohibitive, we further employed the sampling and maximum-
likelihood-estimation (sampling-MLE)¥ approach to accelerate the evaluation of
phonon scattering rates and the resulting thermal conductivity. In this approach, a subset
of three-phonon and four-phonon scattering processes was sampled for each phonon
mode, and the corresponding modal scattering rates were directly estimated under RTA
instead of exhaustively enumerating all allowed scattering processes. A I'-centered
16x16x16 gq-mesh was used for the 3ph.+4ph. calculations, and its convergence was

examined as described in the Supplementary Information.



Results and Discussion

The harmonic phonon properties of bulk BAs, including the phonon dispersion
and density of states (DOS), were first examined to identify suitable frequency ranges
for targeted phonon excitation. As shown in Fig. 1a, our calculated phonon dispersion
shows good consistency with previously reported theoretical and experimental
results®**1. The phonon dispersion exhibited an obvious band gap spanning
approximately 10 to 19 THz. Correspondingly, the phonon DOS showed a dominant
distribution over low-frequency acoustic and high-frequency optical modes. This band
gap not only reduced the phonon group velocity by compressing the phonon bands, but
also reduced the coupling pathways between acoustic and optical branches by limiting
the available phonon scattering phase space. These results suggested that 0-10 THz and

19-22 THz were candidate frequency domains for targeted phonon excitation.

To identify the phonon modes that dominate equilibrium thermal transport, the
phonon scattering rates and the spectral thermal conductivity x(w) were further
calculated at 300 K. As shown in Fig. 1b, the scattering rates of low-frequency acoustic
phonons were significantly lower than those of high-frequency optical phonons,
indicating weaker scattering and thus longer phonon lifetimes of acoustic phonons.
Consequently, the spectral thermal conductivity shown in Fig. 1¢c was dominated by
low-frequency acoustic phonons, with a pronounced peak in the range of 4-8 THz,
whereas the direc contribution of optical phonons was negligible. These results indicate
that low-frequency acoustic phonons dominate the equilibrium heat transport in bulk
BAs. However, high-frequency optical phonons can still participate in anharmonic
scattering processes and may influence thermal transport responses under targeted
targeted phonon excitation. The large acoustic—optical phonon gap also gives BAs an
unusual scattering hierarchy compared with many conventional bulk crystals. The
restricted three-phonon scattering phase space leaves higher-order four-phonon
processes with a non-negligible contribution to phonon relaxation, making BAs a

suitable system for examining how higher-order phonon scattering influences targeted



phonon-population control within this material.

In addition, the intrinsic thermal conductivity of bulk BAs at 300 K is calculated
to be 2302 W/(m-K) in considering 3ph.-only, while it decreases to 1220 W/(m-K)
when four-phonon scattering is further included. This significant reduction directly
indicates the important role of four-phonon scattering in phonon transport in BAs and

further justifies the separate analyses based on the 3ph.-only and 3ph.+4ph. scatterings

in the following sections.
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Figure 1 (a) Phonon dispersion relations and density of states of bulk BAs in the

equilibrium state. (b) Phonon scattering rates. (¢) Spectral thermal conductivity of BAs

at 300K.

After obtaining the dominant phonon modes, they are successively excited for
thermal conductivity modulation. Firstly, the thermal conductivity of bulk BAs at 300
K was examined under targeted phonon excitation with solely considering three-
phonon scatterings across the accessible phonon frequency range. In each calculation,
only phonons within a 0.1 THz-wide frequency window were excited, while all other
phonon modes retained their intrinsic distribution. Two excitation intensities, namely 5

and 25, were considered, and the modulation effect was quantified by the relative

thermal conductivity, k/Ko.

As shown in Fig. 2a, targeted phonon excitation with considering 3ph.-only



produced weak frequency-dependent modulation with narrow enhancement and
suppression regions.Over most of the scanned spectrum, the modulation remained
limited in magnitude, but distinct enhancement and suppression windows could still be
identified. In particular, the response near the upper edge of the acoustic branches,
approximately in the 6-9 THz range, was especially sensitive to the occupation
multiplier.At an occupation multiplier of 5, a slight enhancement appeared around 8.3—
8.9 THz, where K/xo slightly exceeded 1. When the occupation multiplier was increased
to 25, this enhancement was no longer retained in the same frequency range, and the
modulation there became suppressive. Meanwhile, a weak enhancement survived only
in a narrower frequency range of about 6.4~7.0 THz, where k/«o reached approximately
1.02. Considering the limited magnitude of this increase, it is interpreted as a marginal

enhancement tendency rather than a robust thermal-conductivity enhancement.

These results show that, with considering three-phonon-only, targeted phonon
excitation produces weak frequency-dependent modulation, where the response sign

and magnitude depend on both the targeted frequency and the occupation multiplier.

Since the intrinsic thermal conductivity is substantially reduced from 2302
W/(m-K) with 3ph.-only to 1220 W/(m-K) with 3ph.+4ph., four-phonon scattering is
expected to play an important role in the targeted phonon-population-modification
response of bulk BAsP®#, Therefore, the same frequency-dependent excitation
calculations were further performed within the combined three-phonon plus four-

phonon scatterings.

As shown in Fig. 2b, the modulation behavior changes qualitatively once four-
phonon scattering is included. In contrast to the weak and frequency-dependent
response with 3ph.-only in Fig. 2a, the considering of 3ph.+4ph. produces a
predominantly suppressive modulation over the scanned frequency range. No robust

enhancement window is retained after four-phonon scattering is taken into account.

For an occupation multiplier of 5, the relative thermal conductivity remains nearly



unchanged below 2 THz and within 9.6-17.6 THz, whereas clear suppression appears
in the low-frequency region of 2.0-9.6 THz and the high-frequency region of 17.6-21.6
THz. The strongest suppression at this occupation multiplier occurs at 20.5 THz, where
K/xo decreases to 0.828. In addition, a broad low-frequency suppression band is

observed around 4-6 THz, with representative local minima near 4.4 and 4.8 THz.

When the occupation multiplier is increased to 25, the suppressive modulation is
markedly amplified while the overall frequency dependence remains similar. The
strongest suppression again appears at 20.5 THz, where x/ko drops to 0.415.
Pronounced suppression is also observed throughout a wide low-frequency interval of
approximately 2.2-9.2 THz and a high-frequency interval of approximately 18.0-21.3
THz. In particular, the low-frequency region around 4.1-5.8 THz and the high-
frequency region around 18.4-20.5 THz show especially strong responses, indicating

that these windows produce pronounced suppressive responses.

The comparison between Fig. 2a and Fig. 2b indicates that higher-order phonon
scattering does not merely rescale the magnitude of thermal-conductivity modulation.
Instead, represented here by four-phonon processes, it qualitatively changes the net
response from weak frequency-dependent modulation. That is, it is changed from a
marginal enhancement tendency with 3ph.-only to a predominantly suppressive
modulation woth 3ph.+4ph.. This contrast highlights the important role of higher-order
phonon scattering in shaping the targeted thermal-transport response of bulk BAs and

motivates the following scattering-rate analysis.
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Figure 2 Relative thermal conductivity k/ko of bulk BAs as a function of the center
frequency of the targeted phonon excitation window at 300 K for occupation multipliers
of 5 and 25. (a) Results obtained with considering three-phonon-only. (b) Results
obtained in the combined three-phonon and four-phonon. In each calculation, only
phonons within a 0.1 THz-wide frequency window were excited, while all other phonon
modes retained their intrinsic distribution. Coarse scans with a 0.5 THz step were used
over the full frequency range, while finer scans with a 0.1 THz step were performed in
the strongly modulated regions. ko denotes the intrinsic thermal conductivity calculated

as 2302 W/(m-K) with 3ph.-only and 1220 W/(m-K) with 3ph.+4ph..

To clarify why the inclusion of four-phonon scattering changes the targeted
thermal-transport response of bulk BAs, it is further analyzed the frequency-dependent
phonon-scattering characteristics with considering both 3ph.-only and 3ph.+4ph.. The
different modulation behaviors do not originate from a simple rescaling of thermal
conductivity, but rather from the combined effects of different intrinsic scattering
backgrounds and population-modification-induced variations in the scattering of heat-

carrying phonons.

The intrinsic phonon scattering-rate spectra at 300 K are compared in Fig. SS5.
After four-phonon scattering is included, the overall scattering rates increase over a
broad frequency range, and this increase is especially relevant in the low-frequency
acoustic region that dominates heat transport. Therefore, even before targeted phonon
excitation is introduced, the considering of 3ph.+4ph. already establishes a stronger
anharmonic scattering background than that of 3ph.-only. This stronger scattering
background provides the basis for understanding why population-modification-induced
scattering enhancement becomes more pronounced after four-phonon scattering is

included.

On this basis, two representative excitation windows are selected to examine how
the scattering rates respond to targeted phonon excitation. The first case is the 8.2—8.3

THz window at an occupation multiplier of 5, where the 3ph.-only calculation gives a



weak enhancement or nearly unchanged response, whereas the 3ph.+4ph. result

becomes suppressive.

As shown in Fig. 3a and Fig. 3b, the population-modification-induced change in
the scattering rates of low-frequency heat-carrying phonons remains relatively limited
with 3ph.-only. In contrast, with 3ph.+4ph., the same population modification acts on
an elevated intrinsic scattering background and produces a more systematic increase in
the scattering rates of low-frequency heat-carrying phonons. Therefore, the marginal
enhancement tendency observed with considering three-phonon only is no longer

retained after four-phonon scattering is included.

The second representative case is the 4.1-4.2 THz frequency window at an
occupation multiplier of 25, where both situations yield suppressive responses. As
shown in Fig. 3c and Fig. 3d, targeted phonon excitation increases the scattering rates
of low-frequency heat-carrying phonons in both situations. However, the scattering
rates with 3ph.+4ph. remain systematically higher than those with 3ph.-only. Therefore,
although the response sign is identical in both situations, the suppression becomes

substantially stronger when four-phonon scattering is included.

To further identify the microscopic origin of the enhanced four-phonon scattering,
the total four-phonon scattering rate was decomposed into three scattering channels:
recombination (++), redistribution (+—), and splitting (—). This process-resolved
analysis can determine which anharmonic pathways are primarily responsible for the

population-modification-induced increase in four-phonon scattering.

Figure 4a compares the intrinsic contributions of the three four-phonon channels
in bulk BAs. The three channels exhibit distinct frequency-dependent behaviors,
reflecting different anharmonic scattering pathways. Among them, the redistribution
(+—) channel contributes significantly over the frequency range associated with heat-
carrying acoustic phonons, suggesting that redistribution processes constitute an

important component of the intrinsic four-phonon scattering background in BAs.



Figures 4b, 4c and 4d show the population-modification-induced variations of the
three four-phonon channels after modifying the population of optical modes from 20.5
THz to 20.6 THz. Compared with the recombination (++), and the splitting (—)
channels, the redistribution (+—) channel exhibits the most pronounced increase.
Importantly, this enhancement is not restricted to the excited optical-frequency region
but extends into the low-frequency acoustic range where the dominant heat-carrying
phonons are located. This indicates that the increased population of high-frequency
optical modes primarily strengthens redistribution pathways involving excited optical

phonons and low-frequency acoustic phonons.

These results suggest that the enhanced four-phonon scattering responsible for the
suppressive thermal-transport response is mainly associated with redistribution-type
processes. Therefore, the role of optical phonon excitation to modify the anharmonic
scattering network through redistribution pathways which increase the scattering of

heat-carrying acoustic phonons, instead of directly contribute to heat conduction.

These results, together with the intrinsic scattering-rate comparison in Fig. S5,
indicate that higher-order phonon scattering plays a key role in shaping the targeted
thermal-transport response of bulk BAs within the present framework. The four-phonon
contribution modifies the response through two coupled effects: it increases the intrinsic
anharmonic scattering background and enhances population-modification-induced
scattering of low-frequency heat-carrying phonons, with a dominant contribution from
redistribution-type pathways. As a result, the marginal enhancement tendency observed
in the 3ph.-only framework disappears after four-phonon scattering is included, leading

to a predominantly suppressive response.
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Figure 3 Phonon scattering-rate spectra of bulk BAs at 300 K in the 0—-10 THz range

for the intrinsic and excited states with considering 3ph.-only and 3ph.+4ph.. (a) 8.2—

8.3 THz frequency range at an occupation multiplier of 5 with 3ph.-only. (b) 8.2-8.3

THz frequency range at an occupation multiplier of 5 with 3ph.+4ph.. (c) 4.1-4.2 THz

frequency range at an occupation multiplier of 25 with 3ph.-only. (d) 4.1-4.2 THz

frequency range at an occupation multiplier of 25 with 3ph.+4ph..
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Figure 4 Process-resolved analysis of four-phonon scattering channels in bulk BAs at
300 K. (a) Intrinsic four-phonon scattering rates resolved into recombination (++),
redistribution (+—), and splitting (—) channels. (b—d) Population-modification-induced
changes of recombination (++), redistribution (+—), and splitting (—) contributions
after targeted population modification of the 20.5-20.6 THz optical modes. The results
show that redistribution (+—) processes exhibit the strongest population-modification-

induced variation among the three channels.

To further examine the temperature dependence of targeted phonon excitation and
the role of four-phonon scattering, we compared the 3ph.+4ph. results at 300 K and 100
K. The relative thermal conductivity under occupation multipliers of 5 and 25 is shown
separately in Figs. 5a and 5b, respectively. In addition, the ratio between the intrinsic
four-phonon and three-phonon scattering rates, I'4pn/I'3pn., was analyzed in Fig. 5c to

quantify the relative contribution of four-phonon scattering at different temperatures.

As shown in Fig. 5a, at an occupation multiplier of 5, lowering the temperature



generally weakens the modulation effect with 3ph.+4ph..The 100 K curve remains
closer to unity than the 300 K curve over most of the scanned frequency range. In the
low-frequency region, the strongest suppression at 100 K occurs around 4.1 THz, where
K/Ko decreases to 0.905, whereas the corresponding value at 300 K is 0.864. Meanwhile,
near the upper edge of the acoustic branches, a weak enhancement tendency reappears
at 100 K. Around 8.1 THz, «/ko slightly exceeds unity at an occupation multiplier of 5,
while the corresponding 300 K result remains suppressive. These features indicate that
the predominantly suppressive modulation observed at 300 K is weakened at lower

temperature, and 3ph.-like modulation features can partially reappear.

When the occupation multiplier is increased to 25, as shown in Fig. 5b, the
suppressive response is amplified at both temperatures. However, the 300 K result still
shows a much stronger suppression than the 100 K result. In the low-frequency region,
excitation around 4.1 THz gives k/ko = 0.643 at 100 K and 0.540 at 300 K. The
temperature dependence is even more evident in the high-frequency region. At 300 K,
targeted population modification above 18 THz produces pronounced suppression,
whereas at 100 K the relative thermal conductivity in the same frequency range remains
much closer to unity. For example, under an occupation multiplier of 25, modification
around 18.6 THz gives k/ko= 0.578 at 300 K, but only weakly reduces it to 0.971 at 100
K. These results show that lowering the temperature does not simply reduce the
modulation amplitude uniformly; instead, it strongly weakens the high-frequency

suppressive response and shifts the behavior closer to the situation of 3ph.-only.

The microscopic origin of this temperature dependence is further clarified by the
scattering-rate ratio shown in Fig. 5c. Compared with 100 K, the ratio I'4pn/I'3ph. at 300
K is significantly larger over the relevant frequency range, indicating that four-phonon
scattering contributes much more strongly to the total anharmonic scattering at room
temperature. This enhanced four-phonon contribution is especially important for the
low-frequency acoustic phonons that dominate heat transport and for the high-

frequency excitation windows that can affect low-frequency heat-carrying modes



through phonon-phonon coupling. Therefore, at 300 K, targeted phonon excitation
occurs on a stronger four-phonon scattering background, leading to a more pronounced
suppressive response. Additional low-temperature calculations down to 10 K are
provided in Fig. S6, showing that the weak enhancement near the 8.1-8.2 THz window

appears only within an intermediate-temperature range and becomes nearly negligible

at 10 K.

In contrast, at 100 K, the relative contribution of four-phonon scattering is
substantially reduced, as reflected by the smaller T'spn/I'3pn, ratio. Under this weaker
four-phonon scattering background, the population-modification-induced increase in
scattering becomes less pronounced. As a result, the high-frequency suppressive
response is strongly weakened, and 3ph.-like modulation characteristics can reappear
near the upper edge of the acoustic branches. These temperature-dependent results
further support the mechanism discussed above: four-phonon scattering plays an
important role in determining the targeted thermal-conductivity response of bulk BAs
at room temperature, whereas lowering temperature weakens this higher-order

scattering contribution and shifts the modulation behavior closer to the 3ph.-only

picture.
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Figure 5 Temperature-dependent modulation of thermal conductivity and relative four-
phonon scattering strength in bulk BAs. (a, b) Relative thermal conductivity k/ko as a
function of the center frequency of the targeted phonon-population modification
window in the 3ph.+4ph. framework at 300 K and 100 K for occupation multipliers of

(a) 5 and (b) 25. In each calculation, only phonons within a 0.1 THz-wide frequency



window were excited, while all other phonon modes retained their intrinsic distribution.
(c) Intrinsic scattering-rate ratio I'spn./I'3pn. as a function of phonon frequency at 300 K
and 100 K. Only phonon modes with nonzero three-phonon scattering rates are included

in the ratio plot.

Conclusion

In this work, we reveal the role of higher-order phonon scattering in thermal
conductivity modulation via targeted phonon excitation of bulk boron arsenide (BAs).
Based on first-principles calculations and phonon Boltzmann transport analysis, it is
found that targeted phonon excitation modulates the thermal conductivity of bulk BAs
in a strongly frequency-dependent manner. With considering three-phonon scatterings
only, targeted phonon excitation at 300 K produces a weak but clearly bidirectional
modulation of thermal conductivity. However, once higher-order four-phonon
scattering is included, the modulation changes qualitatively to a predominantly
suppressive behavior. In the combined three-phonon and four-phonon scatterings, the
strongest suppression occurs at 20.5 THz, where k/ko decreases to 0.828 and 0.415 for
excitation intensities for occupation multipliers of 5 and 25, respectively. The present
study focuses on the relative modulation of thermal conductivity within a consistent
structural and force-constant framework, rather than establishing an absolute thermal-

conductivity benchmark for bulk BAs.

Mechanistically, higher-order four-phonon scattering plays a dual role in targeted
thermal-conductivity modulation of bulk BAs. It raises the intrinsic scattering
background and promotes a more systematic population-modification-induced increase
in the scattering of low-frequency heat-carrying phonons. As a result, the weak
enhancement windows retained in the three-phonon-only scatterings are removed, and
the net modulation becomes predominantly suppressive. Moreover, the comparison
between 300 K and 100 K shows that lowering temperature weakens the predominance

of four-phonon scattering and partially restores 3ph.-like modulation features. These



results provide mechanistic insight into how higher-order phonon scattering modifies
targeted phonon-population control in bulk BAs. Accordingly, the present work should
be understood as a computational mechanistic study of the thermal-conductivity
response in bulk BAs under steady-state simulations with prescribed mode-selective
targeted phonon excitation, rather than as a complete prediction of transient

nonequilibrium or dynamic thermal-control experiments.
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S1. Benchmark of harmonic phonon properties

To assess the sensitivity of the harmonic phonon properties to the choice of
exchange-correlation functional, the phonon dispersion relations of bulk BAs were
calculated using both the PBE and LDA functionals. As shown in Fig. S1, the acoustic
branches obtained from the two functionals are similar, whereas the optical phonon
frequencies calculated using PBE are systematically lower than those obtained from
LDA. This comparison was performed only as a benchmark of the harmonic phonon
properties, it was not used to determine the force constants employed in the final

thermal conductivity calculations.
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Figure S1 Comparison of the phonon dispersion relations of bulk BAs calculated using

the PBE and LDA functionals.

The targeted-excitation calculations discussed in the main text were performed
using the publicly available BAs force-constant dataset provided in the FourPhonon

framework, as described in the Methods section.

S2. Additional details of three-phonon scattering formalism

The three-phonon scattering formalism used in the phonon transport calculations
is briefly summarized below. These expressions describe the general three-phonon
scattering processes, whereas the final targeted-excitation comparisons between the
3ph-only and 3ph+4ph frameworks were performed using the unified BAs force-

constant dataset within the FourPhonon framework, as described in the Methods section.



The anharmonic phonon linewidth I'*™* can be expressed in terms of the three-

. +
phonon scattering rates I;ﬁ, am as

+ AT fo—fo + 2
I}A’/l” = ’ m |Vl/'l’l”| (Y((l.))L + (U)LI - (1)/1”) (Sl)
and
B hfo+fy +1, _ 2
Daran = ————— V| 6 (w2 — wp — wy) (52)

4 Wy rwyrr
1

T + .
exp(ho /kpT)—1 for the simplicity, I;r,» 1is the

where f; denotes fy(wy) =

scattering rate of phonon absorption process, in which two incident phonons (4, A1)
combine into one phonon (A"), satisfying w, + wy=w,. Conversely, I}/, is the
scattering rate of phonon emission process where one incident phonon (A1) decays into
two phonons (A", A"), satisfying w; = wy + w,. Energy conservation in both
absorption and emission processes is enforced by the J-distribution in the Egs. (S1) and
(S2).

The corresponding three-phonon scattering matrix elements vE

' were

obtained from the third-order interatomic force constants (IFCs) as

[/'i — Z Z Z (paﬁy eiz(i)e;[j/,iq/(j)ez))/u,—qu(k) (SS)
AAAT T ijk
ieuc Tk apy JM:M;M;,

represents the third-order IFCs (where E is the system

63
where @%FY = 2% __
tjk aaari“r? r,r
]
potential energy) for atoms i,j,k along Cartesian directions a,f,y, ef(i) denotes
the a-component of the polarization vector of phonon mode A for atom i, and M; is

the mass of atom .

S3. Occupation-multiplier dependence in representative suppression windows at
300 K

To further examine the dependence of the suppressive modulation on the
prescribed phonon population modification in the 3ph+4ph framework, we selected
four representative frequency windows corresponding to pronounced local minima in

the room-temperature modulation profile, namely 4.1-4.2, 8.3-8.4, 18.4-18.5, and



20.5-20.6 THz, and calculated the thermal conductivity as a function of the occupation
multiplier. As shown in Fig. S2, all four frequency windows exhibited an overall
suppressive response that became stronger as the occupation multiplier increased,
indicating that the suppression response shows a clear dependence on the prescribed

phonon population level within these representative windows.
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Figure S2 Relative thermal conductivity k/ko of bulk BAs under targeted phonon
excitation of phonons in the 4.1-4.2, 8.3-8.4, 18.4-18.5, and 20.5-20.6 THz windows
at 300 K as a function of the occupation multiplier N in the 3ph+4ph framework. The

horizontal dashed line indicates the intrinsic value k/xo=1.

Among the four cases, the 20.5-20.6 THz window showed the strongest
dependence on the occupation multiplier. As the occupation multiplier increased from
1 to 25, the relative thermal conductivity x/x0 decreased monotonically from 1.00 to
0.415, showing the strongest suppression response among the investigated windows.
The 4.1-4.2 and 18.4-18.5 THz windows also exhibited strong and nearly parallel
suppression trends, with k/ko decreasing to 0.539 and 0.544 at the highest occupation
multiplier, respectively. By comparison, the 8.3—8.4 THz window showed a weaker
overall response, reaching /o = 0.565 at an occupation multiplier of 25. It should be
noted that this frequency window displayed a slight increase in thermal conductivity at
the very low occupation multiplier of 2, but the thermal conductivity decreased
continuously with further increasing occupation multiplier. Therefore, despite the small

deviation in the initial low-population-modification regime, the overall trend in this



window remained suppressive.

These results indicate that, once four-phonon scattering is included, the thermal-
conductivity suppression in bulk BAs depends not only on the targeted frequency but
also on the occupation multiplier within the prescribed population-modification

framework.

S4. Extended spectral thermal conductivity analysis for representative excitation
windows

To further examine the microscopic origin of the suppressive modulation in the
3ph+4ph framework, we analyzed the spectral thermal conductivity for two
representative targeted phonon excitation windows, namely 4.1-4.2 and 20.5-20.6 THz,
under occupation multipliers of 5 and 25. As shown in Fig. S3, although the targeted
phonon excitation were introduced in different frequency windows, the most
pronounced reduction in spectral thermal conductivity occurred mainly in the low-
frequency range of approximately 3—9 THz, which is also the dominant frequency range
for heat transport in intrinsic BAs.

For the 4.1-4.2 THz targeted phonon excitation case, the spectral thermal
conductivity in the 4-6 THz range decreased substantially from the intrinsic state to
occupation multipliers of 5 and 25. A similar trend was also observed for the 20.5-20.6
THz targeted phonon excitation case, even though the modified modes themselves are
located in a high-frequency region with only a minor direct contribution to the total
thermal conductivity. These results indicate that the suppressive response induced by
targeted phonon excitation is not limited to the directly modified modes, but instead
arises from the altered scattering response of heat-carrying phonons over a broader
frequency range. The detailed microscopic origin of this scattering enhancement is
further analyzed through process-resolved four-phonon channel decomposition in the

main text.
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Figure S3 Spectral thermal conductivity of bulk BAs at 300 K for the intrinsic state
and under targeted phonon excitation with occupation multipliers of 5 and 25 in the
3ph+4ph framework. Panels (a) and (b) correspond to targeted phonon excitation in the

4.1-4.2 and 20.5-20.6 THz windows, respectively.

S5. Extended phonon scattering-rate analysis for representative excitation
windows

The corresponding scattering-rate spectra, shown in Fig. S4, provide a consistent
explanation for the suppressive modulation behavior. For both representative targeted
phonon excitation windows, the phonon scattering rates in the low-frequency region of
approximately 3—9 THz increase systematically from the intrinsic state to occupation
multipliers of 5 and 25. Therefore, the reduction in low-frequency spectral thermal
conductivity can be directly associated with the population-modification-induced

enhancement of phonon scattering. Since the low-frequency acoustic phonons dominate



thermal transport in bulk BAs, the increase in their scattering rates leads to a marked

suppression of the overall thermal conductivity.
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Figure S4 Phonon scattering rates of bulk BAs at 300 K for the intrinsic state and under
targeted phonon excitation with occupation multipliers of 5 and 25 in the 3ph+4ph
framework. Panels (a) and (b) correspond to targeted phonon excitation in the 4.1-4.2

and 20.5-20.6 THz windows, respectively.

A notable difference nevertheless exists between the two representative targeted
phonon excitation windows. For the 4.1-4.2 THz case, the modified phonon modes are
already located within the main heat-carrying acoustic range, so the suppressive effect
on low-frequency spectral thermal conductivity is more direct. In contrast, for the 20.5—
20.6 THz case, the modified modes belong to a high-frequency optical region with only
a minor direct contribution to thermal transport. Nevertheless, the population

modification of these optical modes significantly enhances the scattering of low-



frequency heat-carrying phonons through anharmonic scattering pathways, resulting in
a stronger suppression of thermal conductivity. This behavior indicates that high-
frequency targeted phonon excitation can influence thermal transport indirectly through
phonon—phonon scattering processes rather than through its direct contribution to heat
conduction.

Overall, the extended scattering-rate analyses show that the dominant mechanism
of targeted phonon excitation in bulk BAs is the enhancement of phonon scattering,
especially in the low-frequency heat-carrying region. This scattering enhancement
suppresses the spectral thermal conductivity of acoustic phonons and ultimately reduces

the total thermal conductivity.

S6. Intrinsic scattering-rate comparison between the 3ph-only and 3ph+4ph
frameworks

To support the discussion of the different modulation behaviors in the 3ph-only
and 3ph+4ph frameworks, we compared the intrinsic phonon scattering-rate spectra of
bulk BAs at 300 K before targeted phonon excitation. As shown in Fig. S5, the inclusion
of four-phonon scattering increases the overall phonon scattering rates over a broad
frequency range compared with the 3ph-only framework. This increase is particularly
important for the low-frequency acoustic phonons, which dominate heat transport in
intrinsic BAs.

The elevated intrinsic scattering background provides the baseline for
understanding the predominantly suppressive modulation observed in the 3ph+4ph
framework. When targeted phonon excitation is introduced, the additional scattering
enhancement occurs on top of this stronger anharmonic scattering background. As a
result, the enhanced scattering of low-frequency heat-carrying phonons becomes a
dominant factor determining the net thermal-transport response within the present
framework. Therefore, the intrinsic scattering-rate comparison in Fig. S5 supports the
mechanism discussed in the main text and explains why the modulation behavior
changes from weak frequency-dependent modulation with marginal enhancement

tendencies in the 3ph-only framework to predominantly suppressive modulation after



four-phonon scattering is included.
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Figure S5 Comparison of the intrinsic phonon scattering rates of bulk BAs at 300 K in
the 3ph-only and 3ph+4ph frameworks. The 3ph+4ph framework shows higher

scattering rates over a broad frequency range, providing a stronger intrinsic scattering

background for the targeted phonon excitation calculations discussed in the main text.

S7. Additional low-temperature modulation results

To further support the temperature-dependent discussion in the main text, we
performed additional 3ph+4ph calculations at lower temperatures. Figure S6a shows
the frequency-dependent modulation of the relative thermal conductivity at 10 K under
occupation multipliers of 5 and 25. In contrast to the pronounced suppression observed
at 300 K and the weakened but still visible response at 100 K, the 10 K results remain
extremely close to unity over nearly the entire scanned frequency range. The largest
deviation appears near the 2.6 THz window under an occupation multiplier of 25, where
K/xo reaches only about 1.0019. Therefore, the targeted phonon excitation response
becomes nearly negligible at 10 K.

This behavior indicates that lowering temperature does not continuously enhance
the weak modulation response. At very low temperature, both the available phonon
population and the effective anharmonic scattering channels are strongly reduced, so
the population-modification-induced changes in phonon scattering become negligible.

As a result, the relative thermal conductivity remains nearly unchanged even when



selected phonon modes are modified.

We further examined the temperature dependence of a representative marginal
enhancement tendency, namely the 8.1-8.2 THz window under an occupation
multiplier of 5. As shown in Fig. S6b, the relative thermal conductivity is nearly
unchanged at very low temperatures, then increases gradually with temperature and
reaches a maximum of about 1.0177 around 80 K. With further increasing temperature,
this enhancement tendency decreases and becomes much weaker by 150 K. This
nonmonotonic behavior suggests that the marginal enhancement tendency appears only
within an intermediate-temperature regime. In this regime, four-phonon scattering is
weakened compared with room temperature, allowing the weak enhancement tendency
observed in the 3ph-only-like regime to emerge. At higher temperatures, stronger four-
phonon scattering suppresses this tendency, whereas at very low temperatures the
overall modulation response becomes nearly inactive.

These additional low-temperature results further support the temperature-
dependent mechanism discussed in the main text. The predominantly suppressive
modulation at room temperature is associated with the strong contribution of four-
phonon scattering, while lowering temperature weakens this suppression and allows
marginal 3ph-like enhancement tendencies to appear in selected frequency windows.
However, at extremely low temperatures, such as 10 K, the overall targeted phonon

excitation response becomes nearly negligible.
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Figure S6 Additional low-temperature modulation results of bulk BAs in the 3ph+4ph
framework. (a) Relative thermal conductivity k/«o as a function of the targeted phonon
excitation window at 10 K for occupation multipliers of 5 and 25. (b) Temperature
dependence of k/kounder targeted phonon excitation in the 8.1-8.2 THz window with
an occupation multiplier of 5. In each calculation, only phonon populations within a 0.1
THz-wide frequency window were modified, while all other phonon modes retained

their equilibrium distributions.

S8. The convergence tests for thermal conductivity calculation

To evaluate the numerical reliability of the thermal conductivity calculations, we
examined the convergence with respect to the g-mesh size and the sampling size used
in the sampling-MLE approach. The convergence tests were performed for intrinsic
thermal conductivity within 3-ph only and 4-ph frameworks, and for modulated thermal
conductivity by targeted phonon excitation within 4-ph framework.

A. q-mesh convergence of intrinsic TC within 3-ph framework

The convergence of thermal conductivity with respect to g-mesh size was
examined using I'-centered g-meshes ranging from 10x10x10 to 35x35%35 within the
three-phonon framework. As shown in Fig. S7a, the intrinsic thermal conductivity
gradually converges with the increasing g-mesh size. When the g-mesh is increased
from 25x25x25 to 30%x30%30, the calculated thermal conductivity changes from
2288.63 t0 2302.61 W m™' K™, corresponding to a relative variation of 0.61%. Further

increasing the g-mesh to 35%35x35 results in a thermal conductivity of 2312.42 W m™!



K™, with a relative difference of 0.43% compared with the result obtained from
30x30x30. Therefore, the 30x30%30 g-mesh satisfies the convergence criterion adopted
in this work, where further refinement leads to changes below 1%.

B. g-mesh convergence of intrinsic TC within 3-ph+4-ph framework

The convergence of intrinsic thermal conductivity with respect to g-mesh size was
examined using I'-centered q-meshes ranging from 6x6x6 to 18x18%18 and a constant
sampling size of 100000 within the 3ph.+4ph. framework. As shown in Fig. S7b, the
calculated thermal conductivity gradually converges with the increasing g-mesh size.
When the g-mesh is increased beyond 16x16x16, the variation in thermal conductivity
becomes negligible, with the difference between the results obtained from 16x16x16
and 18x18%18 being approximately 0.2%, which meets the convergence criterion of
1%.. Therefore, the 16x16%16 q-mesh was adopted for subsequent thermal conductivity
calculations involving targeted phonon excitation.

C. Sampling size convergence of intrinsic TC within 3-ph+4-ph framework

The convergence of the intrinsic thermal conductivity with respect to the sampling
size was examined using different sampling numbers while a constant g-mesh size of
16x16x16 within the 3-ph+4-ph framework. As shown in Fig. S7c, increasing the
sampling number from 100,000 to 400,000 leads to only minor variations in the intrinsic
thermal conductivity. The calculated value changes from 1215.73 W m™ K™ at
sampling number of 100,000 to 1222.11 W m™ K™ at 400,000, while the variation
between the results obtained from 200,000 and 400,000 remains below 0.03%. These
results indicate that the adopted sampling size of 100,000 for sampling-MLE approach
provides a numerically stable evaluation of four-phonon scattering contributions.

D. Sampling size convergence of modulated TC within 3-ph+4-ph framework

To further verify that the main modulation results are not sensitive to the sampling
uncertainty, we examined the relative thermal conductivity /o for several
representative targeted phonon excitation windows under an occupation multiplier of
25. As shown in Fig. S7d, the calculated «/ko values for the 20.5-20.6 THz, 4.2-4.3
THz, and 20.1-20.2 THz windows remain nearly unchanged when the sampling

number increases from 50,000 to 150,000. Specifically, k/ko remains within 0.413—



0.416 for the strongest suppression window at 20.5-20.6 THz, while the other
representative windows also exhibit only minor variations. These results demonstrate
that the sampling-MLE approach adopted in this work is sufficient to capture the

qualitative and quantitative trends of targeted phonon excitation responses.

2500 T T T 0.10

@

—e—

—e— Axi| | gog
2z 4006 _
£ o
. 10.04

2000
- 0.02
L 1 L L L L U‘(}()
5 10 15 20 25 30 35 40
g mesh
1300 b) T T T T T 0.14
e 012
1250 L
- 0.10
1200
- 4 0.08 R
- s
£ 1sot 10.06 ¥
= <
- H0.04
1100 F
1 0.02
1050
1 0.00
1000 1 L L L L L L -0.02
4 5} 8 10 12 14 16 18 20
( mesh
1300(6)”- e v 0,010
e«
—— AK/K
~0.005
Ll TN e
2 1200+ 40.000 ¥
B <
e
— -0.005
1100 . ; -0.010
10000 100000 1000000

sample-size



(d) 205-20.6
—e— 4243
201202
l. 0 r A A -
-5:
R L L] ]
0.5F 4
0 1 1 1
0000 100000 150000

sample size

Figure S7 Numerical convergence tests for thermal conductivity calculations of bulk
BAs. (a) The g-mesh size convergence of intrinsic thermal conductivity within the 3ph.
framework; (b) The g-mesh size convergence of intrinsic thermal conductivity within
the 3ph.+4ph. framework; (c) The sampling size convergence of intrinsic thermal
conductivity within the 3ph.+4ph. framework; (d) The sampling size convergence of
relative thermal conductivity k/ko for representative frequency windows under an

occupation multiplier of 25 within the 3ph.+4ph. framework.

S9. Physical scale of occupation multiplier N
To clarify the physical scale of the occupation multiplier N used in the targeted
phonon excitation model, we estimated the excess phonon energy density and the
corresponding mode-equivalent temperature for representative occupation multipliers.
In the present model, the population of phonon modes within the targeted

frequency window is modified according to

(54)

\ {an{,/’l EW
n; =

- n,lew

where n denotes the equilibrium Bose-Einstein population at 300 K, W
represents the selected 0.1 THz frequency window, and N is a dimensionless occupation
multiplier used to parameterize the population enhancement of selected phonon modes.
The excess phonon energy density introduced by the population modification was

calculated as



1
By=7)  hoy(ni—nd) (S5)
AEW

where V is the crystal volume, w, is the phonon angular frequency, and the
summation is performed over phonon modes within the targeted frequency window W.
For the representative optical phonon window from 20.5 THz to 20.6 THz, the
occupation multipliers N are set as 5 and 25 corresponding to excess phonon energy
densities as 36.3 J cm™ and 217.9 J cm™ at 300 K, respectively.

To characterize the magnitude of the modified phonon populations, a mode-
equivalent temperature T was estimated according to

npe(w, Tegr) = Nngg(w, To) (S6)

where T, = 300K. For the selected optical phonon modes, the values of N are set

as 5 and 25 corresponding to mode-equivalent temperatures of approximately 543 K
and 1392 K, respectively.

It should be emphasized that these values only characterize the population level of
the selected phonon modes and do not represent the lattice temperature of the entire
BAs crystal. The occupation multiplier N is therefore not equivalent to an experimental
pump fluence, electric-field amplitude, pulse energy, or lattice temperature. Instead, it
serves as a dimensionless parameter describing a prescribed driven nonequilibrium
phonon population.

In this model, the prescribed population represents a driven reference state
maintained by an external source rather than the freely relaxing state after removal of
excitation. The present work does not determine the experimental driving conditions
required to establish this population, nor does it solve the complete formation and

relaxation dynamics of the nonequilibrium phonon distribution.

S10. Experimental background of mode-selective phonon excitation

Although the occupation multiplier N introduced in this work is not directly
mapped to a specific experimental pump parameter, selective manipulation of phonon
populations has been experimentally demonstrated in several material systems. These

studies provide physical motivation for considering mode-selective nonequilibrium



phonon populations.

Sekiguchil!! demonstrated selective excitation of specific transverse optical
phonon modes in methylammonium lead iodide MAPbI; using resonant terahertz
pulses. By tuning the terahertz excitation frequency to phonon resonances near 0.9 and
1.9 THz, the authors selectively excited the phonon modes and observed corresponding
changes in carrier cooling dynamics.

More recently, Gareev!?) demonstrated mode-selective coherent phonon excitation
in DyFeOs through resonant optical pumping of electronic transitions. The amplitude
of the Bzg phonon mode exhibited pronounced resonance enhancement near the
corresponding excitation energy, further illustrating the possibility of selective phonon-
mode manipulation.

These experimental studies demonstrate the feasibility of selectively modifying
phonon populations or amplitudes through resonant driving. However, the present work
does not attempt to reproduce a specific experimental excitation pathway or determine
the required pump conditions. Instead, the occupation multiplier N is introduced as a
controlled parameter to investigate how prescribed targeted phonon excitation affects

thermal transport and higher-order phonon scattering in bulk BAs.
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