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ABSTRACT
Cross-plane heat transport is a critical bottleneck for van der Waals (vdW) electronics, yet its microscopic governing principles remain 
elusive. We demonstrate that stacking order is an effective control knob for cross-plane phonon transport in multilayer rhenium disulfide 
(ReS2). Thickness-dependent thermal conductivity measurements reveal remarkably long cross-plane phonon mean free paths 
(�200–300 nm) and provide a direct experimental observation of the transition from quasi-ballistic transport to a ballistic regime character
ized by thickness-independent thermal resistance. AA stacking exhibits nearly double the cross-plane thermal conductivity of AB stacking, 
driven by longer acoustic phonon lifetimes associated with the more closely aligned interlayer registry of AA stacking. Deep-neural- 
network-based molecular dynamics simulations reveal that phonon filtering in ReS2 is fundamentally frequency-selective: weak vdW cou
pling acts as a low-pass filter, whereas stronger coupling broadens the transmission passband. These results establish ReS2 as a model system 
where stacking order and interlayer coupling can be engineered to tune heat conduction across diffusive, quasi-ballistic, and ballistic 
regimes, offering a new framework for thermal management in two-dimensional electronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0342816

ReS2 has emerged as a versatile two-dimensional (2D) material 
that is widely investigated for photodetectors, ultrafast saturable 
absorbers, and other optoelectronic applications owing to its high 
photoresponsivity, broadband absorption, and strong nonlinear opti
cal response.1–3 ReS2 crystallizes in a distorted 1T triclinic structure 
in which rhenium atoms form zigzag chains. This low-symmetry lat
tice dramatically enhances in-plane anisotropy and, when combined 
with weak interlayer van der Waals (vdW) coupling, endows ReS2 
with physical properties that are highly sensitive to structural regis
try. Multilayer ReS2 can adopt two well-defined stacking orders: AA 
stacking, characterized by perfect atomic registry between adjacent 
layers, and AB stacking, characterized by a lateral shift of approxi
mately half a unit cell. These configurations correspond to distinct 
local energy minima in the crystal lattice.4 These stacking configura
tions exert strong influence on the material’s vibrational, optical, 
and electronic responses. As such, stacking order constitutes an 
additional and independent structural degree of freedom for tuning 
the properties of ReS2, beyond layer number and in-plane 
orientation.5–7

Similar to other vdW materials, ReS2 exhibits strongly aniso
tropic thermal transport, with in-plane thermal conductivity 
(�70 W m−1 K−1 along Re-chain and �50 W m−1 K−1 perpendicular 
to Re-chain) substantially exceeding its cross-plane counterpart 
(�0.55 W m−1 K−1 in nanofilms), as reported by prior time-domain 
thermoreflectance (TDTR) measurements.8 In vdW-based electronic 
and optoelectronic devices, heat generated in the active layers dissi
pates predominantly along the cross-plane direction through stacked 
layers and interfaces, making cross-plane thermal conductivity (jc) a 
critical bottleneck for device performance and reliability.9 

Understanding how interlayer registry controls cross-plane phonon 
transport is therefore essential for engineering next-generation vdW 
electronics and optoelectronics. Historically, cross-plane thermal 
transport in layered vdW materials was assumed to be dominated by 
phonons with very short mean free paths (MFPs), typically on the 
order of only a few nanometers. This picture has been fundamentally 
revised by recent experimental and theoretical studies on benchmark 
systems such as graphite10–12 and MoS2,13 which demonstrate that 
room-temperature cross-plane phonon MFPs can extend to hundreds 
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of nanometers. Such unexpectedly long-range transport has been 
attributed to a phonon filtering effect, in which weak interlayer vdW 
interactions suppress short-MFP phonons and confine heat flow to 
long-MFP modes.

ReS2 presents a unique and largely unexplored opportunity to 
examine cross-plane phonon transport in exceptional depth. Because 
its AA and AB stacking sequences remain remarkably stable across 
varying thicknesses, ReS2 serves as an ideal platform for investigating 
and ultimately engineering cross-plane heat transport in ultrathin vdW 
devices. While earlier TDTR measurements reported no clear thickness 
dependence for ReS2 films between 60 and 450 nm, these studies did 
not distinguish between stacking orders and therefore effectively aver
aged over fundamentally different interlayer configurations.8 

Consequently, the role of interlayer registry in governing phonon filter
ing, phonon MFPs, and the crossover between distinct transport 
regimes remains a critical and practically important open question.

In this work, we perform systematic picosecond transient ther
moreflectance (ps-TTR) measurements of high-quality ReS2 samples 
with well-defined AA or AB stacking orders that persist over 
micrometer-scale thicknesses. These measurements are thus capable 
of capturing an order-of-magnitude variation in jc with increasing 
sample thickness, as well as pronounced differences between AA- and 
AB-stacked ReS2. By integrating the ps-TTR measurements with 
molecular dynamics simulations based on a deep-neural-network 
(DNN) potential trained on ab initio data, we further compare the 
spectral phonon properties of AA- and AB-stacked ReS2 for both 
ambient pressure and high-pressure conditions. Through this com
bined experimental-computational approach, we elucidate the unique 
phonon transport behavior of ReS2 and demonstrate it as a model sys
tem in which stacking order, interlayer coupling, and phonon filtering 
can be deliberately manipulated to tune cross-plane heat conduction 
from diffusive to quasi-ballistic and fully ballistic regimes.

Throughout this work, atomic registry refers to the relative crys
tallographic alignment between adjacent ReS2 layers and should not 
be confused with phase coherence of phonon wave packets. Unless 

explicitly stated otherwise, the term ballistic transport denotes heat 
conduction in the limit where phonons traverse the film without 
notable internal scattering, whereas quasi-ballistic transport refers to 
the intermediate regime where both ballistic propagation and intrinsic 
scattering contribute. Finally, phonon filtering describes the preferen
tial transmission of selected phonon frequencies or polarizations by 
the interlayer van der Waals interface rather than coherent wave 
interference.

Figures 1(a) and 1(b) show the atomic configurations of the AA 
and AB stacking orders in ReS2. The stacking order of ReS2 samples 
can be easily identified by measuring the difference between two 
Raman peaks: D¼mode III–mode I. For AA stacking, D � 13 cm−1, 
and for AB stacking, D � 20 cm−1. We employed a re-exfoliation 
approach to confirm that a single, well-defined stacking order can 
persist over thicknesses of several micrometers (Figs. S1 and S2). 
Cross-plane thermal conductivities were measured using a ps-TTR 
technique14,15 and extracted using a one-dimensional heat conduction 
model, as detailed in the supplementary material. The thickness- 
dependent jc for both AA and AB stackings is presented in Fig. 1(c). 
In the ultrathin regime (below 100 nm), both stacking configurations 
exhibit similar values, which is consistent with prior measurements8 

and suggests that thermal transport in the thinnest flakes is primarily 
constrained by boundary scattering. However, as thickness increases, 
the thermal behaviors of the two registries diverge significantly. While 
both configurations show a pronounced increase in jc with thickness, 
AA-stacked samples exhibit a more rapid rise and reach a clear satu
ration plateau of approximately 4.0 W m−1 K−1. In contrast, AB stack
ing exhibits a slower recovery of jc and fails to reach saturation even 
as thicknesses approach 1 lm, trending toward an extrapolated bulk 
limit of approximately 2.0 W m−1 K−1. This distinct bifurcation dem
onstrates that stacking order serves as a primary determinant of 
intrinsic cross-plane transport, while the delayed saturation in both 
registries provides direct experimental evidence of exceptionally long 
cross-plane phonon MFPs that far exceed the predictions of conven
tional kinetic theory.

FIG. 1. (a) and (b) Atomic structures of AA- and AB-stacked ReS2, where gray dots represent Re atoms and yellow dots represent S atoms. (c) Measured cross-plane ther
mal conductivity as a function of thickness for AA- and AB-stacked ReS2. The dashed lines represent fittings with the gray phonon thermal transport model.16,17
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To quantify the characteristic MFPs, we fit the experimental data 
for jc as a function of sample thickness d using the gray phonon ther
mal transport model,16,17 

jc dð Þ ¼ jbulk
d

d þ Kbulk
:

The extracted bulk jc values are consistent with the measured satura
tion trends: �4.0 W m−1 K−1 for AA stacking and �2.0 W m−1 K−1 

for AB stacking. The corresponding effective bulk-limit MFPs Kbulk 
are remarkably long, �346 nm for AA and �203 nm for AB. For 
comparison, a simple kinetic estimate, jc �1/3 CvcKc, using the total 
heat capacity C and cross-plane sound velocity vc yields Kc� 2.2 nm 
for AA stacking, corresponding to only �8 layers. The more than 
two-order-of-magnitude discrepancy is physically important: the total 
heat capacity is dominated by many modes that store thermal energy 
but do not efficiently carry cross-plane heat, whereas jc is dominated 
by a small subset of low-frequency acoustic modes with long wave
lengths, high transmission, and long lifetimes. Thus, the apparent 
gray MFP extracted from thickness dependence should be interpreted 
as the transport-weighted length scale of heat-carrying phonons 
rather than the average MFP of all vibrational modes. Resolving these 
mode-dependent characteristics requires a detailed spectral analysis.

Figure 1 therefore establishes two critical experimental findings. 
First, jc is highly sensitive to stacking order, with AA stacking con
ducting heat nearly twice as efficiently as the AB configuration. 
Second, both registries exhibit exceptionally long phonon MFPs, con
firming that cross-plane transport in ReS2 is dominated by long-range 
modes rather than localized vibrations. These observations raise fun
damental questions regarding why AA stacking supports much higher 
conductivity and what physical mechanism drives such long MFPs, 
which we address through mode-resolved spectral analysis in the fol
lowing discussions.

To address why AA-stacking ReS2 conducts heat more efficiently 
than its AB-stacking counterpart, we constructed a DNN interatomic 
potential, using the DeepMD approach,18 from extensive ab initio 
molecular dynamics (AIMD) data for both stacking orders under dif
ferent thermodynamic conditions. Details of the AIMD simulations 
and training of the DNN potential are presented in SI. Notably, the 
DNN potential shows an energy accuracy on the order of 10−4–10−3 

eV/atom, well agreeing with AIMD values. The accuracy of the 
DNN potential was further validated through non-equilibrium 
molecular dynamics (NEMD) simulations19 performed at 300 K 
using LAMMPS.20 As demonstrated in Fig. S5 of the supplementary 
material, the NEMD results reproduce the experimentally measured 
jc for both stacking orders up to �300 nm, confirming that the DNN 
potential reliably captures the size-dependent thermal transport in 
both types of ReS2.

Bulk-limit thermal conductivities were subsequently obtained 
using equilibrium molecular dynamics (EMD)21 and the Green–Kubo 
formalism.22,23 The predicted bulk jc values are approximately 
4.5 W 6 0.12 m−1 K−1 for AA stacking and 3.2 6 0.11 W m−1 K−1 for 
AB stacking. These values are higher than the experimental bulk 
limits, as expected for defect-free simulations (see Sec. 13 of the 
supplementary material for the effect of isotopes and point-defect on 
jc), but they reproduce the key physical trend: AA stacking supports 
substantially stronger cross-plane heat conduction than AB stacking. 
This agreement indicates that the stacking dependence is intrinsic 

and originates from changes in phonon dispersion and anharmonic 
scattering rather than from extrinsic sample-to-sample variations.

The observed stacking dependence is unlikely to originate from 
sample-to-sample variations. The AA and AB stacking orders were 
identified using an established Raman-based protocol that was previ
ously validated by complementary polarized photoluminescence, 
ultrafast pump-probe spectroscopy, and first-principles calculations 
across multiple independent ReS2 crystals.4 Furthermore, the DNN- 
MD simulations performed on defect-free structures reproduce the 
same ordering of thermal conductivity (jAA > jAB), as shown in Fig. 
S5 of the supplementary material, providing independent evidence 
that the difference arises from the intrinsic phonon transport charac
teristics associated with stacking order rather than extrinsic sample 
variability.

Spectral energy density (SED) analysis24 was used to extract pho
non dispersions, group velocities, lifetimes, and MFPs. Figure 2(a) 
shows that the longitudinal acoustic (LA) branch in AA-stacking ReS2 
has a slightly steeper cross-plane dispersion than that in AB-stacking 
ReS2, while the two transverse acoustic (TA) branches remain nearly 
degenerate in AA stacking but split clearly in AB stacking, consistent 

FIG. 2. Mode-resolved phonon properties of AA- and AB-stacked ReS2 from SED 
calculations. (a) Phonon dispersion relations for AA- and AB-stacked ReS2. (b) 
Mode-resolved phonon group velocities. (c,d) Phonon lifetimes for AA and AB 
stacking extracted from Lorentzian fitting of SED spectra. (e) Left axis: mode-wise 
cross-plane thermal conductivity. Right axis: cumulative cross-plane thermal con
ductivity. (f) The emission process of three-phonon scattering phase space for AA- 
and AB-stacked ReS2.
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with our density functional theory (DFT) calculations (Fig. S8 in the 
supplementary material). The corresponding group velocities 
[Fig. 2(b)] alone cannot explain the substantially higher bulk jc of AA 
stacking: AA stacking has modestly higher phonon group velocities 
for the LA branch, whereas AB shows somewhat higher phonon 
group velocities for the TA branches. The decisive difference instead 
lies in the phonon lifetimes.

Figures 2(c) and 2(d) show that both LA and TA phonons in 
AA-stacked ReS2 have systematically longer lifetimes than their coun
terparts in AB-stacked ReS2, providing the microscopic origin of the 
higher jc in AA stacking. As shown in Figs. 2(a) and 2(b), the two TA 
branches remain nearly degenerate in AA stacking, restricting the 
number of three-phonon processes that can simultaneously satisfy 
energy and momentum conservation. In contrast, the lateral registry 
shift in AB stacking lifts this degeneracy and produces two distinct 
TA branches. The resulting branch splitting increases the number of 
allowed scattering channels, particularly emission processes in which 
one higher-frequency acoustic phonon decays into two lower- 
frequency modes. Consistent with this interpretation, Fig. 2(f) shows 
a larger three-phonon emission phase space for AB-stacked ReS2 than 
for its AA-stacked counterpart. Consequently, the cumulative jc spec
trum in Fig. 2(e) contains a stronger long-MFP contribution for 

AA-stacked ReS2. Phase space alone does not determine the scattering 
rate, which also depends on anharmonic interaction strengths; none
theless, it provides mechanistic support for the shorter lifetimes 
obtained directly from the SED analysis. These results show that the 
atomic registry of different stackings has a concrete phonon-physics 
meaning in this system: vertical layer alignment preserves acoustic- 
branch degeneracy and reduces anharmonic phase space, whereas the 
shifted AB registry breaks this degeneracy and accelerates phonon 
relaxation.

We next examine why ReS2 supports such long cross-plane 
MFPs. Similar thickness-dependent measurements on graphite and 
MoS2 consistently indicate that long-MFP phonons dominate cross- 
plane heat conduction. In graphite, the c-axis phonon MFP has been 
estimated to be �200 nm,10,11 while in MoS2, phonons with MFPs 
exceeding �200 nm contribute more than 50% of the total jc.12 These 
unexpectedly long MFPs have been attributed to the so-called phonon 
filtering effect, in which the weak interlayer vdW forces suppress 
short-MFP phonons and preferentially allow long-MFP modes to 
transmit across layers. If this conventional understanding of phonon 
filtering effect holds, one would expect the filtering effect to depend 
strongly on interlayer bonding strength: weaker vdW force ! stron
ger filtering ! a larger contribution from longer-MFP phonons (i.e., 

FIG. 3. Cumulative cross-plane thermal conductivity as a function of phonon MFP for AA- and AB-stacked ReS2 under different pressures. (a) and (c) Cumulative cross- 
plane thermal conductivity vs MFP at 0 and 20 GPa for AA- and AB-stacked ReS2, respectively. (b) and (d) Corresponding mode-wise cross-plane thermal conductivity spec
tra displaying the distribution of phonon contributions across MFPs.
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a spectral shift of mode-wise jc toward longer MFP), and conversely, 
stronger interlayer coupling should weaken filtering, and contribution 
from short-MFP phonons should increase (i.e., a spectral shift of 
mode-wise jc toward shorter MFP).

Hydrostatic pressure provides a convenient means of tuning the 
interlayer coupling in vdW materials and tests this conventional pic
ture of phonon filtering effect. While high-pressure experiments are 
beyond the scope of this work, we performed SED analysis using our 
DNN potential to investigate the effects of pressure. Hydrostatic pres
sure was applied using a Nos�e–Hoover barostat25,26 in all three direc
tions. We calculated the cumulative jc as a function of MFP for both 
AA and AB stackings at 0 and 20 GPa, respectively. As shown in Figs. 
3(a) and 3(c), higher pressure (i.e., stronger interlayer coupling) shifts 
the cumulative jc curves toward longer MFPs for both stackings. For 
AA stacking, phonons with K < 180 nm contribute 50% of jc at 
0 GPa, but the 50% cutoff increases to �300 nm at 20 GPa. For AB 
stacking, the cutoff shifts from �120 nm at 0 GPa to above 200 nm at 
20 GPa. The corresponding mode-wise jc spectra [Figs. 3(b) and 
3(d)] further confirm that stronger interlayer interaction at higher 

pressure extends the phonon contribution into the long-MFP regime. 
This trend arises because applying pressure increases the group veloc
ity vc(x), while phonon lifetimes s(x) change only weakly (as shown 
in Fig. S9); as a result, the MFP Kc(x)¼vc(x)s(x) becomes longer 
even though the spectral filter becomes less selective. These observa
tions seem to contradict the conventional understanding of phonon 
filtering and indicate that the relationship between phonon filtering 
and MFP requires careful reexamination.

Because phonon filtering is fundamentally a frequency-domain 
process, we analyzed cumulative jc as a function of phonon frequency 
in Fig. 4. At 0 GPa, both AA and AB stackings show that �50% of the 
jc arises from phonons around 0.3 THz [Fig. 4(a)], and virtually all 
contributing modes lie below �0.5 THz [Fig. 4(b)]. When pressure 
increases to 20 GPa, however, the transmission bandwidth broadens 
dramatically, extending to �1.5 THz [Figs. 4(d) and 4(f)], and the 
cumulative jc curves gain substantial weight at higher frequencies 
[Figs. 4(c) and 4(e)]. This indicates that weak vdW interactions at low 
pressure act as a strong low-pass spectral filter, effectively blocking 
high-frequency modes and transmitting primarily low-frequency, 
long-wavelength phonons.

We quantify the filtering strength using a cutoff frequency 
xcut¼ 0.5 THz and the filtering fraction F(xcut)¼ j(x < xcut)/jmax. 
For AA stacking, F decreases from 78.4% at 0 GPa to 37.22% at 
20 GPa; for AB stacking, it decreases from 80.0% to 35.97%. The 
nearly identical values for AA and AB indicate that filtering strength 
is governed primarily by the interlayer coupling strength, while the 
difference between AA and AB conductivities arises mainly from 
stacking-dependent lifetimes and scattering phase space. This separa
tion of roles is important: interlayer force determines which frequen
cies can transmit across the vdW gap, whereas stacking registry 
determines how long those transmitted acoustic phonons survive.

These results clarify the physical meaning of phonon filtering in 
vdW materials. Phonon filtering should be defined as the preferential 
transmission of low-frequency, long-wavelength modes across weak 
interlayer bonds. Because this mechanism originates from the wave 
nature of phonons,27 it is most naturally described in the frequency 
domain and is closely analogous to optical low-pass filtering.28 This 
definition resolves the ambiguity in the literature,29,30 where the ther
mal consequences of filtering are often expressed in the MFP domain, 
since K determines how far each transmitted mode carries heat. Our 
results show that these two perspectives must be considered together: 
phonon filtering is fundamentally a spectral effect, and weaker inter
layer coupling narrows the phonon bandwidth (stronger filtering at 
0 GPa, Fig. 4), whereas the MFP spectrum reflects the transport out
come of the modes that pass through that filter, resulting in shorter K 

at 0 GPa due to lower phonon group velocities (Fig. 3).
To further elucidate the thickness dependence of cross-plane 

heat transport, the measured jc was converted to thermal resistance 
using R¼ t/jc, where t is the film thickness. As shown in Fig. 5(a), the 
resistance of ReS2 does not scale linearly with film thickness; instead, it 
exhibits a sublinear saturating trend as the thickness decreases, a hall
mark of quasi-ballistic transport,13,31 in which phonon MFPs are com
parable to the film thickness. In the thinnest flakes (<150 nm), both 
AA- and AB-stacked samples display a clear plateau in resistance, indi
cating that the heat flow has transitioned into the fully ballistic regime 
where the conductance becomes thickness-independent.32,33 This 
behavior is faithfully reproduced by our NEMD simulations. From the 

FIG. 4. Cumulative cross-plane thermal conductivity as a function of phonon fre
quency for AA- and AB-stacked ReS2 under different pressures. (a), (c), and (e) 
Cumulative cross-plane thermal conductivity vs frequency at 0 and 20 GPa for AA- 
and AB-stacked ReS2, respectively. (b), (d), and (f) Corresponding mode-wise 
cross-plane thermal conductivity spectra displaying the distribution of phonon con
tributions in the frequency domain.
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magnitude of the plateau, we extract ballistic thermal resistances of 
Rball �150 m2 K GW−1 for AB stacking and �100 m2 K GW−1 for AA 
stacking, values an order of magnitude larger than those reported for 
MoS2 (�10 m2 K GW−1).13 Figures 5(b) and 5(c) present the corre
sponding thickness-dependent contact resistances for both stacking 
orders. The contact resistances show no systematic dependence on 
thickness, and the values at the Au/ReS2 interface (�50 m2 K GW−1 or 
20 MW m−1 K−1) agree well with previously reported TDTR measure
ments and further confirm that the thickness-dependent trends do 
come from intrinsic thermal transport in ReS2.8

The direct experimental observation of the ballistic limit in ReS2 
is a notable outcome of this study, enabled by two key factors. First, 
the ps-TTR technique, with its single-pulse excitation and long delay- 
time window, captures the intrinsic thermal response of ultrathin 
films without cumulative heating, allowing early-time ballistic trans
port to be resolved. Second, the exceptionally long and stacking- 
dependent cross-plane phonon MFPs in ReS2, arising from its weak 
and registry-sensitive vdW coupling, ensure that the condition t � Kc 
is reached at experimentally accessible thicknesses, permitting the bal
listic resistance plateau to emerge directly in the measurements. The 
resulting finite plateau value, Rball, represents the intrinsic ballistic 
resistance, reflecting the fundamental phonon transmission across 
atomic layers and setting the upper bound for heat dissipation in 

ultrathin ReS2. The substantially larger Rball in ReS2 compared with 
MoS2 indicates a much lower intrinsic phonon transparency across its 
vdW gaps, consistent with a narrower spectral window that admits 
only low-frequency, long-wavelength phonons. The contrast between 
AA and AB stacking demonstrates that stacking order can serve as a 
practical tuning parameter for Rball, enabling control over interlayer 
phonon transmission by modifying registry and coupling strength. 
Such tunability offers a new approach to engineering vdW thermal fil
ters, phononic interfaces, and low-conductance barriers for 2D elec
tronics and optoelectronic devices.10–13,34

In summary, this work demonstrates that stacking order, an 
aspect largely neglected in prior studies of vdW materials, is a key 
determinant of cross-plane phonon thermal transport in ReS2, with 
implications for thermal transport engineering in ReS2 and other 
vdW materials. By integrating systematic ps-TTR measurements on 
micrometer-scale crystals with single stacking order, and deep-learn
ing-based molecular dynamics simulations and SED analysis, we 
demonstrate that both AA and AB stacking orders support exception
ally long phonon MFP and exhibit distinct transitions from quasi- 
ballistic to fully ballistic transport as the sample thickness decreases 
below �150 nm. Notably, AA-stacking ReS2 exhibits significantly 
higher jc than its AB-stacking counterpart, which is attributed to lon
ger acoustic phonon lifetimes enabled by the perfect atomic registry 

FIG. 5. (a) Thickness-dependent cross-plane thermal resistance of AA- and AB-stacked ReS2, with corresponding NEMD simulation results, where the shaded regions rep
resent the error bars. (b) Thickness-dependent contact resistances at the Au/ReS2 and ReS2/Si interfaces for AA-stacked samples. (c) Thickness-dependent contact resis
tances at the Au/ReS2 and ReS2/Si interfaces for AB-stacked samples.
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of AA stacking. Furthermore, pressure-dependent analyses reveal that 
phonon filtering in ReS2 is a fundamentally frequency-selective mech
anism, in which weak vdW coupling produces a low-pass filtering 
effect that is highly tunable through interlayer coupling. We further 
show that weak interlayer coupling at ambient pressure preferentially 
transmits low-frequency, long-wavelength phonons whose MFPs 
extend over hundreds of nanometers, whereas stronger coupling at 
high pressure increases the MFP primarily by enhancing phonon 
group velocities. By connecting the frequency-domain filtering picture 
with the resulting MFP distributions, ReS2 provides a useful platform 
for the spectral engineering of thermal transport in diverse vdW 
materials.

Additional details on the experimental validation, computational 
methods, and supporting analyses are provided in the supplementary 
material. These include verification of the stacking order through re- 
exfoliation and Raman characterization, development and validation 
of the deep neural network interatomic potential, molecular dynamics 
simulation details, phonon properties and scattering analysis, 
pressure-dependent lattice dynamics calculations, uncertainty and 
sensitivity analyses of the thermal measurements, and the effects of 
isotope disorder and point defects on cross-plane thermal transport.

See the supplementary material for additional details on stacking 
verification, computational and experimental methods, phonon trans
port analyses, and uncertainty and defect effects in ReS2.
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