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Controllable hydro-thermoelastic heat 
transport in ultrathin semiconductors at 
room temperature
 

S. Varghese    1,2, J. Tur-Prats3, J. D. Mehew    1, D. Saleta Reig    1,2, R. Farris    1, 
J. Camacho    3, J. A. Haibeh    4, A. Sokolov4,5, P. Ordejón    1, S. Huberman    4, 
A. Beardo    3,6, F. X. Alvarez    3 & K. J. Tielrooij    1,2 

Heat flow in semiconductors typically occurs through the diffusive transport 
of lattice vibrations. Non-diffusive hydrodynamic effects associated with 
viscous heat flow and thermoelastic effects—in which heat changes the 
interatomic spacing in the lattice—can affect heat conduction. However, the 
interplay between hydrodynamic and thermoelastic effects on heat transport 
has so far been overlooked. Furthermore, unconventional thermoelastic 
effects due to inhomogeneous strain fields at the nanoscale have so far 
not been observed experimentally. Here we show that the combination of 
hydrodynamic and thermoelastic effects leads to a highly non-diffusive 
hydro-thermoelastic heat transport regime with a controllable reduction 
in the effective thermal diffusivity for two-dimensional semiconductors. 
We observe this in MoSe2 and MoS2 through real-space heat tracking 
with nanometre spatial accuracy using spatiotemporal pump–probe 
thermometry. Our experiments are conducted at room temperature 
and demonstrate control through the thickness of the material and by 
choosing continuous or pulsed heating. Our model of hydro-thermoelastic 
heat transport, based on atomistic input parameters, reproduces the 
experimental observations and identifies the occurrence of a counterintuitive 
thermoelastic heat flux contribution from cold to hot regions.

Lattice heat is carried by phonons through diffusive and non-diffusive 
mechanisms. Diffusive heat transport is the most common and is mac-
roscopically described by Fourier’s law1, whereas it is microscopically 
governed by momentum-non-conserving phonon–phonon scatter-
ing events. Non-diffusive heat transport can involve ballistic phonon 
motion, first described by Casimir2. In the ballistic transport regime, 
phonon scattering occurs at system boundaries, when system dimen-
sions are smaller than phonon mean-free paths. A second non-diffusive 
heat transport regime involves hydrodynamic phonon transport, which 

generally results from the slow relaxation of heat flux relative to the 
length scales and timescales of the experiment or system3,4. This cor-
responds to viscous transport and is amplified at temperatures below 
room temperature. Observed signatures of hydrodynamic heat trans-
port include wave-like propagation of heat known as second sound in 
helium5, bismuth6, sodium fluoride7, strontium titanate8, graphite9 and 
germanium10; a so-called Knudsen minimum in black phosphorous11; 
and Poiseuille flow in quasi-one-dimensional single crystals12, strontium 
titanate13 and graphite14,15. Moreover, hydrodynamic heat transport 
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associated with hydrodynamic behaviour, and thermoelastic effects. 
In this non-diffusive ‘hydro-thermoelastic’ heat transport regime, 
pulsed heating leads to an inhomogeneous strain field that gives rise 
to an unconventional thermoelastic heat flux contribution from cold 
to hot regions, resulting in a reduction in the effective thermal dif-
fusivity, or conductivity, by up to an order of magnitude: from 39 to 
3.5 W m−1 K−1 for MoSe2. Importantly, our results introduce an intrinsic 
and fabrication-free way to control heat transport in two-dimensional 
semiconductors. Thus, in addition to recently demonstrated extrinsic 
ways to impede thermal transport in these materials, for example, 
through stacking multiple layers at different twist angles22 or material 
patterning into phononic crystals23, our results introduce intrinsic and 
active control of heat flow.

Diffusive and hydrodynamic heat transport
We prepared MoSe2 and MoS2 crystals with thicknesses ranging from ~20 
layers (20L) to the monolayer (1L) limit (Fig. 1a and Extended Data Fig. 1). 
These crystals were suspended over a circular hole with a diameter of 
15 μm to avoid substrate effects on heat transport. We perform the 
real-space tracking of heat flow in these samples using spatiotemporal 
pump–probe thermometry, where pump pulses heat the centre of a 

phenomena have been found through device heat mapping combined 
with mesoscopic transport models in alloys16 and silicon17,18. Theo-
retical predictions suggested the existence of phonon hydrodynamic 
behaviour in two-dimensional transition metal dichalcogenide (TMD) 
material MoS2 possibly up to room temperature19. However, so far, no 
signatures of hydrodynamic transport have been observed in TMDs 
at any temperature. Furthermore, thermoelastic effects have been 
overlooked in studies of non-diffusive heat transport. In particular, 
unconventional thermoelastic effects, which arise from inhomogene-
ous strain fields at the nanoscale, have been predicted20, but they have 
never been observed experimentally.

Here we use spatiotemporal pump–probe thermometry21 to visual-
ize heat transport in suspended large-area crystals of MoSe2 and MoS2 
directly in real space with beyond-diffraction-limited spatial resolu-
tion. We explain the experimental results with a fit-parameter-free 
mesoscopic model that uses ab initio input parameters for its ther-
mal properties. This combined experimental–theoretical approach 
reveals a thickness-controlled transition from the conventional 
Fourier diffusion regime in the case of relatively thick crystals to a 
strongly non-diffusive regime for the thinnest crystals. We attribute 
this transition to the interplay between non-local phonon interactions, 

a

c

b

50 µm

1L1L

~8L

5L ~7L

2L

~10L

~20L

~14L ~15L

3L

Pump Probe

0

1

Tr
an

si
en

t r
ef

le
ct

iv
ity

,
∆

R/
R 

(n
or

m
.)

0

1

Tr
an

si
en

t r
ef

le
ct

iv
ity

,
∆

R/
R 

(n
or

m
.)

In phase 
~15L

d

  1L

In phase

–8

Position, r (µm)

Out of phase

–4 0 4 8

–8

Position, r (µm)
–4 0 4 8

Out of phase

r

Fig. 1 | Spatiotemporally mapped heat transport in MoSe2 crystals. a, Optical 
images of suspended MoSe2 samples with the thickness given in the number 
of layers L. b, Concept of a spatiotemporal thermometry experiment in which 
a train of ultrafast pump pulses (green) creates a local hotspot in the centre of 
a suspended thin film. By spatially scanning a train of ultrafast probe pulses 
(purple) across the suspended region, arriving with a pump–probe delay time  
of ~13 ns, we directly track how in-plane heat flow occurs in space and time.  

c,d, In-phase (filled circles) and out-of-phase (open circles) transient reflectivity 
profiles ΔR/R(r), normalized to the peak of the fit of the in-phase signal, measured 
on an ~15-layer-thick (c) and 1-layer-thick (d) MoSe2 flake. The dashed and solid 
blue lines correspond to a simulation of purely diffusive heat transport according 
to Fourier’s law with the ‘effective diffusivity’ as an adjustable parameter (see the 
‘Phenomenological diffusive Fourier model’ section). norm., normalized.
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suspended crystal, and probe pulses spatially map out how far the heat 
spreads. Specifically, we record the pump-induced change in reflectiv-
ity ΔR/R as a function of pump–probe distance r with a pump–probe 
delay time of ~13 ns (Fig. 1b). We obtain both in- and out-of-phase spatial 
profiles, because we modulate the pump beam faster than the system 
returns to thermal equilibrium. Because the reflectivity is temperature 
dependent, the spatial profiles provide direct access to thermal dif-
fusivity. For details on the experimental technique and extracting the 
thermal diffusivity, see the ‘Experimental details’, ‘Phenomenological 
diffusive Fourier model’ and ‘Describing in-phase and out-of-phase 
signals’ sections, Extended Data Figs. 3–6 and ref. 21.

Figure 1c shows an example measurement for an ~15-layer-thick 
MoSe2 sample, together with a simulation based on purely diffusive 
heat transport. The simulation describes the spatiotemporal evolution 
of the temperature profile using Fourier’s law and includes the lock-in 
operation. By simultaneously describing the in- and out-of-phase 
experimental profiles, we obtain a diffusivity D of 0.15 ± 0.01 cm2 s−1 for 
the 15L MoSe2 sample. This diffusivity corresponds to a thermal con-
ductivity of ~28 W m−1 K−1, and agrees well with both experimental24,25 
and ab initio theoretical26 studies of in-plane heat transport in this 
material. We perform spatiotemporal pump–probe thermometry 
measurements and simulations of purely diffusive heat transport for 
all different thicknesses and find that the spatial profiles for crystals 
with a thickness greater than three layers look qualitatively similar 
(Extended Data Fig. 7).

Surprisingly, for monolayer MoSe2, we find that the spatial pro-
file looks drastically different: much narrower and with a stronger 
out-of-phase signal than the in-phase signal (Fig. 1d). This suggests a 
strongly decreased diffusivity. Indeed, for the thinnest MoSe2 samples, 
the extracted thermal diffusivities from our pump–probe measure-
ments are about an order of magnitude lower than for thicker MoSe2 
samples (Fig. 2a). They are also much lower than the diffusivities 

obtained by Raman thermometry24 and much lower than the diffu-
sivities predicted by the ab initio calculations of purely diffusive heat 
transport for these thicknesses (Fig. 2b and Table 1). The fact that the 
Raman and spatiotemporal techniques have similar spot sizes but 
give substantially different diffusivities points to mechanisms that 
are beyond the conventional size effect. We will show that this is the 
result of non-diffusive heat transport. The extracted diffusivities are, 
therefore, effective diffusivities that are not necessarily associated 
with diffusive heat transport. Examining the spatial profiles for the 
thinnest MoSe2 crystals, we observe notably narrower spatial profiles 
compared with thicker MoSe2 flakes (Fig. 3a–c). We observe the same 
trend for MoS2 (Fig. 3d–f). In addition, the in-phase component of the 
transient reflectivity signal changes sign around 2 µm away from the 
photoexcited hotspot for mono- and bilayer MoSe2 and MoS2, whereas 
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Fig. 2 | Heat transport in MoSe2 crystals with varying thickness. a, Effective 
thermal diffusivities for MoSe2 obtained using spatiotemporal pump–probe 
thermometry (blue closed circles), together with calculated values for 
hydrodynamic transport (pink stars and dashed line) and for transport that 
includes both hydrodynamic and thermoelastic effects (blue stars and dashed 
line). The inset indicates that heating occurs via modulated optical excitation. 
The vertical error bars indicate the uncertainty in the obtained effective thermal 
diffusivity D (68% confidence interval), obtained from least-squares fitting of 
the experimental spatial profile to the phenomenological diffusive Fourier 
model. The horizontal error bars indicate the uncertainty in the flake thickness 

measurement. For this type of heating, the experiment shows agreement with the 
calculation for hydro-thermoelastic transport. b, Effective thermal diffusivities 
for MoSe2 obtained using Raman thermometry (open circles; ref. 24), together 
with the calculated values for purely diffusive transport (orange stars and dashed 
line) and for hydrodynamic transport (pink stars and dashed line). The inset 
indicates that heating occurs via continuous-wave optical excitation. The vertical 
error bars represent the 68% confidence interval reported in ref. 24, and the 
horizontal error bars indicate the uncertainty in the flake thickness measurement 
reported in the same reference. For this type of heating, the experiment shows 
agreement with the calculation of hydrodynamic transport.

Table 1 | Hydro-thermoelastic model properties for MoSe2

Monolayer Bilayer Trilayer Bulk Reference

ρ (kg m−3) 6,900 6,900 6,900 6,900 32

α (K−1) 9.3 × 10−5 7.7 × 10−5 6.5 × 10−5 0.7 × 10−5 30

E (GPa) 100 130 135 165 33

ν 0.23 0.23 0.23 0.23 34

Cv (MJ m−3 K−1) 1.75 1.75 1.75 1.87 Ab initio

κ (W m−1 K−1) 39 30 26 27.5 Ab initio

τ (ps) 754 712 282 186 Ab initio

ℓ (nm) 700 700 700 100 Supplementary Note 1

b 0.537 0.487 0.475 0.433 Ab initio

For bilayer and trilayer systems, we use a coefficient of thermal expansion α slightly 
increased with respect to the literature value. The Young modulus for the monolayer is 
extrapolated based on the findings in ref. 33.
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the out-of-phase signals become relatively larger. These effects are the 
consequence of the ultralow effective diffusivity in the thin crystals 
(see the ‘Describing in-phase and out-of-phase signals’ section and 
Extended Data Fig. 4).

Since these very low effective thermal diffusivities suggest viscous 
heat flow, we examine if the Guyer–Krumhansl hydrodynamic heat 
equation27,28 can reproduce the experimental results:

q + τ∂q
∂t

+ κ∇T = ℓ2∇2q, (1)

where q is the heat flux vector, τ is the heat flux relaxation time, κ is 
the bulk in-plane thermal conductivity and ℓ is the non-local length. 
This equation is a generalization of Fourier’s law, including memory 
effects described by the second term on the left side and non-local 
(viscous) effects described by the term on the right side. We solve this 
equation along with the energy balance equation including the heat 
source using finite elements29 with isothermal boundary conditions at 
the edges of the system (see the ‘DFT input for the mesoscopic model’ 
section and Supplementary Note 1). We first solve the equation without 
considering non-local and memory effects (Fig. 4a). The result reflects 
conventional diffusive behaviour, and both in-phase and out-of-phase 
profiles quantitatively agree with the measured spatial profile for the 
thick sample (Fig. 3c,f), where we use the thermal conductivity κ as 
obtained from ab initio calculations (Tables 1 and 2).

Importantly, purely diffusive transport would lead to an increase 
in diffusivity towards thinner crystals, which is incompatible with the 
experimental observations by both Raman thermometry and spati-
otemporal pump–probe thermometry (Fig. 2a,b). When we include 
non-local and memory effects, using τ from ab initio input and limit-
ing ℓ to the size of the initial hotspot, the profile becomes narrower, 
which reflects the viscous behaviour of hydrodynamic heat transport. 
The effective diffusivities that we extract from these profiles are in 
agreement with the experimentally obtained values using Raman 

thermometry (Fig. 2b). This provides a key insight, that is, hydrody-
namic effects play a non-negligible role in room-temperature heat 
transport in these TMDs. Specifically, the experimentally obtained 
diffusivity for monolayer MoSe2 from Raman thermometry is ~40% 
lower than the one predicted by diffusive transport. Our mesoscopic 
model, which accounts for hydrodynamic effects, predicts a similar 
decrease in effective diffusivity.

To further confirm the effect of hydrodynamic heat transport, 
we use an independent theoretical approach, where we solve the lin-
earized Boltzmann transport equation (LBTE) with ab initio inputs 
for monolayer MoSe2 at 300 K, including non-diffusive effects and 
considering a thermal excitation that corresponds to the experimental 
pump spot size (see the ‘DFT details for LBTE calculations’ section). 
These calculations yield an effective diffusivity that is 10%–30% lower 
than the value expected for diffusive transport (Extended Data Fig. 8), 
confirming the presence of a significant hydrodynamic effect in these 
materials at room temperature. We, thus, find experimental signatures 
that confirm previous theoretical predictions of hydrodynamic heat 
transport in MoS2 at room temperature19.

Combined hydrodynamic and thermoelastic 
effects on heat transport
Having established the significant role of hydrodynamic effects on heat 
transport in ultrathin MoSe2 and MoS2, we now focus on understanding 
the strong reduction in the effective diffusivity observed for the thin-
nest crystals under pulsed heating. We find that hydrodynamic effects 
alone are not sufficient to explain the experimental observations using 
spatiotemporal pump–probe thermometry (Extended Data Fig. 9a). 
To address this, we realize that photoinduced heating leads to thermal 
expansion inside the initial hotspot and compression further away. In 
addition, we realize that the thinnest crystals display a larger coefficient 
of expansion than the thicker crystals30. Interestingly, considering dif-
fusive heat transport in combination with conventional thermoelastic 
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Fig. 3 | Experimental observation of strongly impeded heat transport 
explained by hydro-thermoelastic transport model. a–f, In-phase (filled 
circles) and out-of-phase (open circles) transient reflectivity profiles, measured 
on monolayer (a), bilayer (b) and 20L-thick (c) MoSe2 crystals and on monolayer 
(d), bilayer (e) and 20L-thick (f) MoS2 crystals. The emergence of a much 
narrower profile and a sign change around 2 μm for ultrathin crystals indicates 
a transition to heat transport with a strongly reduced (effective) diffusivity. 

The solid and dashed lines represent the calculated spatial profiles for the 
in-phase and out-of-phase signals according to our mesoscopic model of hydro-
thermoelastic transport (details in the main text), respectively. The profiles are 
normalized to the peak of the fit of the in-phase signal, and the out-of-phase 
profiles are multiplied by –1. These profiles are convoluted with the probe beam 
spot size for a direct comparison with the experiments.
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effects, specifically accounting for thermal expansion and thermo-
mechanical energy exchange, gives a spatial profile that is just a bit 
narrower than the purely diffusive profile (Extended Data Fig. 9b). 
Thus, conventional thermoelastic effects alone cannot explain the 
experimental observations.

We, therefore, consider the combination of hydrodynamic and 
thermoelastic effects induced by an inhomogeneous strain field at the 
nanoscale, specifically the emergence of inhomogeneous phonon dis-
persion relations and a modification of local phonon distributions20,27. 
As discussed in Supplementary Note 1, these two thermoelastic effects 
cancel each other under continuous heating, as in the Raman ther-
mometry experiments. By contrast, in the case of pulsed heating, as in 
the spatiotemporal pump–probe thermometry experiment, the local 
phonon populations do not necessarily conform to the local strain, 
whereas phonon refraction due to inhomogeneous dispersion relations 
is expected to occur at ultrashort timescales, even in the absence of 
phonon interactions. This results in the following hydro-thermoelastic 
equation under pulsed heating:

q + τ∂q
∂t

+ κ∇T = ℓ2∇2q + 2κpt
bCv

∇∇ ⋅ u, (2)

where u is the elastic displacement vector, pt is the phonon pressure, 
given by pt =

T0αE
1−ν

, (T0 = 300 K, α is the thermal expansion coefficient, 

E is the Young modulus and ν is the Poisson ratio), and b is the averaged 
phonon group velocity ratio to the phase velocity. This equation, com-
bined with energy conservation and Newton’s second law including a 
linear thermal expansion term (Supplementary Note 1), is a complete 
mesoscopic model that is capable of predicting heat transport and 
thermoelastic effects at the nanoscale. In brief, the thermoelastic heat 
flux term is obtained from the phonon momentum balance in the pres-
ence of a time-evolving non-homogeneous strain field. The nanoscale 
inhomogeneity of the strain profile, originating from thermal expan-
sion, induces a local change in the phonon dispersion relations, which 
leads to the thermoelastic heat flux contribution included in equation (2)  
(Supplementary Note 1).

Crucially, we find that only the combination of hydrodynamic and 
unconventional thermoelastic terms produces a narrow in-phase spatial 
profile with a sign change as in the experiments (Extended Data Fig. 9c). 
We validate the theoretical predictions against the experimental data 
for ultrathin MoSe2 and MoS2 samples using ab initio results for κ, Cv, τ 
and b, as well as literature values for the elastic properties30, and limiting 
the non-local length ℓ to the size of the initial hotspot (Tables 1 and 2).  
This mesoscopic hydro-thermoelastic model, which is free of fit param-
eters, predicts the spatial profiles that are in very good agreement 
with the experimentally observed ones, reproducing the narrow cen-
tral region, the amplitude of both in-phase and out-of-phase signals, 
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and the sign change observed in the in-phase component outside the 
central region (Fig. 3). The regions with negative ΔR/R become more 
pronounced when the thickness decreases to the monolayer limit. This 
is due to the strong variation in the thermoelastic properties, particu-
larly the thermal expansion coefficient (α), with thickness (Tables 1 and 
2). For thicker crystals, the thermoelastic effects are weaker, thereby 
leading to a broader spatial profile, without any sign changes in the 
in-phase signal.

Comparing diffusive, hydrodynamic and 
hydro-thermoelastic regimes
To better understand the observations and contributions of each of 
the diffusive and non-diffusive contributions to heat transport, we 
analyse the temperature profile at the end of the pump-on window for 
the three different heat transport regimes: diffusive, hydrodynamic and 
hydro-thermoelastic regimes. In the purely diffusive case (Fig. 4a), the 
temperature profile is broad, as expected from classical heat conduc-
tion, where thermal gradients drive heat flow evenly from the centre 
outwards. Next, when we include hydrodynamic effects in the model 
(Fig. 4b), the temperature profile becomes noticeably narrower. This 
is because hydrodynamic contributions restrict the heat flow through 
viscous-like phonon behaviour, effectively impeding the heat propaga-
tion. Finally, when we incorporate both hydrodynamic and unconven-
tional thermoelastic effects into the transport equation, the hot region 
becomes even more localized (Fig. 4c).

The microscopic origin for the very limited heat spreading in the 
hydro-thermoelastic regime is that thermal expansion in the excitation 
region induces a strongly inhomogeneous strain and density profile 
across the sample (Fig. 4d). The thermoelastic contribution to the 
heat flux, driven by the strain field, points from the compressed (cold) 
region towards the expanded (hot) region, thereby pointing towards 
the heated central region of the crystal. Microscopically, this heat flux 
is a consequence of the different dispersion relations established in 
compressed and expanded regions, which induces a modification of 
the momentum accommodated by each phonon mode (Supplemen-
tary Note 1). Together with hydrodynamic effects, this produces a very 
narrow temperature profile that aligns well with the experimental 
observations for ultrathin flakes.

In conclusion, we have identified strongly impeded heat spreading 
due to the interplay between hydrodynamic and thermoelastic effects 
in ultrathin MoSe2 and MoS2 crystals at room temperature. The ther-
moelastic effects are related to the large expansion coefficient of the 
thinnest crystals, whereas the hydrodynamic effects are caused by the 
large non-local length ℓ (Supplementary Fig. 1). The latter is probably 
related to the exceptionally long mean-free path of particularly the 
flexural modes in the thinnest crystals of these materials24,26. Moreover, 
our results provide the experimental signatures of two theoretically 

predicted, yet experimentally so far not observed, effects, namely, (1) 
an unconventional thermoelastic heat flux contribution originating 
from inhomogeneous strain fields at the nanoscale20 and (2) hydro-
dynamic heat transport in TMDs at room temperature19. In addition to 
controllability through thickness and heating type, we predict that the 
hydro-thermoelastic effects are controllable by the size of the heated 
region: if this becomes larger than the intrinsic non-local length, for 
example, hydrodynamic and hydro-thermoelastic effects will not play 
a role. Our discovery of a novel non-diffusive heat transport regime 
at room temperature provides important insights into fundamental 
thermal transport phenomena and has crucial practical implications.

Future research could explore related (two-dimensional) materi-
als, as well as vary the experimental parameters such as temperature 
and geometry, to further manipulate heat flow. We expect similar 
hydro-thermoelastic effects to occur in other low-dimensional materi-
als that combine sufficiently large thermal expansion with sufficiently 
long non-local heat transport lengths. Theoretical work is needed to 
develop a purely microscopic picture of the impact of the interaction 
between phonons and elastic fields on thermal transport, which could 
also be explored using the lattice Boltzmann method31. Our discovery 
of the strong effect of thermoelasticity on pulsed excitation offers 
possibilities for actively controlling heat flow. The observation that 
in the hydro-thermoelastic regime heat moves out of a heated region 
much more slowly than in the case of purely diffusive transport could be 
interesting for thermoelectric applications. Our studies could lead to 
tailored thermal management solutions, opening avenues for innova-
tive heat-spreading and heat-routing strategies. Such advancements 
have the potential to minimize heat loss and improve efficiency in 
electronic, optoelectronic and photonic devices, thermoelectric sys-
tems, and beyond.
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Methods
Experimental details
MoSe2 and MoS2 flakes of varying thicknesses were mechanically exfoli-
ated from bulk crystals onto a viscoelastic polydimethylsiloxane stamp 
and subsequently transferred using a dry-transfer technique onto 
titanium (5 nm)/gold (50 nm)-coated silicon nitride substrates contain-
ing circular holes with a diameter of 15 μm (Norcada, NTPR005D-C15), 
resulting in suspended flakes. The flakes are monocrystalline and 
exhibit clean surfaces and low strain36. For the measurements, we 
used samples suspended over the 15-μm holes, with similar results also 
obtained for the 10-μm holes (Supplementary Fig. 2). The spatiotempo-
ral pump–probe thermometry setup (Extended Data Fig. 2 and ref. 21) 
uses a FLINT laser from LIGHT CONVERSION, operating at a frequency 
of 76 MHz, which produces pulses centred at 1,030 nm with <200-fs 
temporal resolution. The majority of the laser power drives an optical 
parametric oscillator that generates a variable signal output ranging 
from 1,320 to 2,000 nm. We use the second or third harmonic of this 
signal output as probe, tuning it to the exciton resonances—800 nm for 
MoSe2 and 615 nm for MoS2. Utilizing a scanning mirror system (Optics 
in Motion OIM101), we control the probe’s direction, whereas the pump 
beam (at 515 nm, the second harmonic of the fundamental laser source) 
goes through a Newport DL255 delay line and an electro-optic modu-
lator that controls the pump modulation frequency fmod (240 kHz). 
Both beams are combined using a dichroic mirror and then focused to 
submicrometre spots via a microscope objective lens with a numerical 
aperture of 0.65. The pump and probe spot sizes are σpu ≈ 0.27 μm and 
σpr ≈ 0.35 μm, respectively. We detect the reflected probe beam using 
a silicon photodiode.

The spatiotemporal pump–probe thermometry measurements, 
described in detail in ref. 21, rely on the fact that within a nanosecond37, 
energy from the initial pump-induced electronic excitation transfers to 
the lattice, where phonons transport the energy as lattice heat towards 
the metallic heat sink at the edge of the suspended crystal, which takes 
place on a microsecond timescale (Extended Data Fig. 3). In the case 
of purely diffusive heat transport following Fourier’s law, this leads 
to a spatial temperature profile that exclusively depends on thermal 
diffusivity, the accurately known geometry of the system, and two 
frequencies related to the pulsed photoexcitation: the laser repeti-
tion rate frep and the pump modulation frequency fmod. Measuring the 
spatial profile, thus, provides direct access to thermal diffusivity. We 
record the spatial profile at a slightly negative pump–probe delay, 
corresponding to a delay time of 1/frep ≈ 13 ns, where the transient reflec-
tivity results from the pump-induced lattice temperature change, with-
out any contribution from the photoexcited electronic species. The 
transient reflectivity is sensitive to the lattice temperature ΔT via the 
temperature-dependent exciton linewidth38. We modulate the intensity 
of the pump beam at a frequency fmod = 240 kHz and demodulate using 
a lock-in amplifier (Zurich MFLI), obtaining in-phase and out-of-phase 
signals. We perform all measurements in a vacuum (~10−5 mbar) and at 
room temperature.

To ensure that we can accurately correlate the transient reflectivity 
signal to a lattice temperature, we need to operate in the linear regime, 
where an increase in pump fluence gives a proportional increase in 
temperature and, therefore, transient reflectivity. To confirm that we 
are in the linear regime in our experiments, we first conduct temporal 
dynamics measurements by varying the pump fluence. In addition, we 
perform spatial scans on the suspended region by varying the pump 
fluence. Extended Data Fig. 6a–d shows the results obtained for an 
almost eight-layer MoSe2 sample. Both in-phase and out-phase sig-
nals exhibit a linear increase with pump fluence, as evident from their 
respective normalized plots. This linear dependence of the signal sup-
ports the use of the transient reflectivity profile as a representation of 
the spatial temperature profile. Moreover, we vary the probe fluence 
(and fix the pump power) on the suspended trilayer MoSe2 sample, 
yielding similar observations (Extended Data Fig. 6e–h). On the basis 

of these measurements, we keep the pump and probe fluences in the 
range of 6–20 μJ cm−2, to ensure that the system is in a regime in which 
the transient reflectivity scales linearly with pump power (Extended 
Data Figs. 5, 6 and 10). In this case, the typical temperature increase is 
on the order of 10 K.

Given recent reports that layered semiconductors can exhibit 
exotic electron–hole plasma39 phases due to strong electron interac-
tions, we conducted photoluminescence (PL) measurements on a mon-
olayer MoSe2 sample to confirm that we are operating within the linear 
electronic regime. This ensures that our observations are not influenced 
by nonlinear electron–hole plasma effects. Extended Data Fig. 10a 
displays the PL spectra with increasing laser fluence (pump, 515 nm). 
Consistently, we observe a linear increase in spectral average (area 
under PL spectrum) with laser fluence (Extended Data Fig. 10b), sug-
gesting that we are well below the Mott transition limit and ruling out 
the presence of such exotic phases. In particular, we conduct these 
PL measurements under almost identical configurations as the spa-
tiotemporal thermometry measurements, with the only difference 
being the collection of PL emission by a fibre cable to the spectrometer 
(Extended Data Fig. 10c).

Phenomenological diffusive Fourier model
To obtain an effective diffusivity from the transient reflectivity evolu-
tion observed in our experiments, we use Fourier’s diffusive heat law 
to model the propagation of heat from the localized pump-induced 
hotspot to the heat sink:

∂T
∂t

= D∇2T + Q
Cv

, (3)

where T is the lattice temperature, t is time, D is the diffusivity, Q is the 
power injected by the pump laser and Cv is the heat capacity. Initially, we 
start with a Gaussian temperature profile that represents the localized 
heating from a single pump pulse. As time progresses, this temperature 
profile diffuses outwards and decays, as heat flows towards the heat 
sink. Due to the relatively short time interval between consecutive 
laser pulses (13 ns, corresponding to the 76-MHz repetition rate, frep), 
the temperature profile does not fully return to equilibrium before the 
next pump pulse arrives.

At t = 13 ns (or t = 1
frep

), we inject a Gaussian energy pulse into the 

existing, partially decayed, temperature distribution. This cycle repeats 
until the end of the pump-on window. The number of these Gaussian 
pulses (N) that contribute to the accumulated heat during the pump-on 
window is determined by the laser repetition rate and the pump modu-
lation frequency (fmod), given by N = frep

2fmod
 for a 50% duty cycle (~160 

pulses in our case). When the pump is blocked during the pump-off 
window, the accumulated heat fully dissipates. The heating cycle then 
resumes with the next pump-on window.

We perform our simulations in two dimensions with radial sym-
metry and calculate the temperature rise ΔT(x, y) over time using 
the forward-time centred-space finite difference method. We set the 
boundary condition at r = 7.5 μm (the edge of the suspended region) as 
a perfect heat sink, ΔT = 0 K, to represent the gold-coated substrate. To 
obtain the in-phase and out-of-phase convoluted transient reflectivity 
profiles from the model predictions, we perform the lock-in operations 
described in the ‘Describing in-phase and out-of-phase signals’ section.

DFT input for the mesoscopic model
The ab initio calculations are conducted using density functional 
theory as implemented in the SIESTA program40,41, as described in 
detail in ref. 26. Briefly, the cell and atomic positions are optimized 
using a conjugate gradient method, ensuring that the maximum forces 
on atoms are kept below 10−5 eV Å−1. For low-dimensional structures, 
a vacuum thickness of 17 Å is used to avoid periodic interactions 
along the stacking direction. Unlike in ref. 24, we do not normalize the 
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thermal conductivity taking into account this additional volume. All 
calculations use the Perdew–Burke–Ernzerhof generalized gradient 
approximation42,43 with van der Waals functionals, as reparameterized 
in ref. 44. A k-mesh of 20 × 20 × 1 is used for monolayers, bilayers and 
trilayers, and 20 × 20 × 20 for other systems, with norm-conserving 
pseudopotentials45 sourced from the PseudoDojo library46.

To compute the interatomic force constants (IFCs), we generate 
supercells of size 10 × 10 × 10 for bulk systems and 10 × 10 × 1 for the 
other structures. Atomic displacements are thermally initialized using 
a Bose–Einstein distribution, simulating phonons at 300 K, using TDEP 
routines47. With these thermally populated supercells, we calculate 
both second- and third-order IFCs, with real-space force cut-offs of 
5 Å for the third-order IFCs and 8 Å for the second-order IFCs. Thermal 
properties calculations are subsequently conducted on a q-point grid 
of 128 × 128 × 1 for monolayers, 64 × 64 × 1 for bilayers and trilayers, 
and 24 × 24 × 24 for bulk systems. The thermal properties calculated 
for MoSe2 and MoS2 are presented in Tables 1 and 2, respectively, and 
serve as input parameters for our mesoscopic model. Specifically, we 
directly obtain the heat capacity Cv, and use the full solution of the 
Boltzmann transport equation to obtain the thermal conductivity κ. 
Furthermore, the mode-resolved lifetimes τλ, group velocities vλ and 
phase velocities cλ serve as input parameters to obtain the heat flux 
relaxation time τ and the non-local length ℓ used in the hydrodynamic 
transport equation that we describe later28.

Hydro-thermoelastic model
The hydrodynamic and thermoelastic model predictions of the convo-
luted thermal profiles are obtained by solving the hydro-thermoelastic 
transport equation (equation (2)), along with the energy balance 
equation including thermomechanical energy exchange, and Newton’s 
law for the elastic field evolution including a linear thermal expansion 
term (Supplementary Note 1). Numerical solutions are obtained using 
finite elements29. In Tables 1 and 2, we present the intrinsic thermoelas-
tic parameter values appearing in the model equations for MoSe2 and 
MoS2, respectively. In the absence of hydrodynamic and thermoelastic 
effects, the hydro-thermoelastic equation reduces to Fourier’s law. By 
combining this simplified transport equation with the energy balance 
equation, one recovers the thermal diffusion equation described in the 
‘Phenomenological diffusive Fourier model’ section.

We impose radial symmetry and restrict the deformation to the 
in-plane directions. The temperature and displacement in the edges 
of the sample are fixed. The excitation is modelled as a Gaussian power 
density in the energy balance equation with a characteristic size of 
L = 700 nm, which is assumed to be larger than the optical spot size 
to account for fast diffusion of the optically excited hot electrons and 
excitons before they deposit energy into the lattice48. We note that the 
resulting temperature profiles are qualitatively insensitive to the exact 
size of the thermal source. In the time domain, the excitation power 
density follows a square function with a frequency of 240 kHz. Thus, 
we do not explicitly simulate the energy pulses during the pump-on 
stage, as described earlier. This simplification greatly reduces the com-
putational cost by preventing the propagation of acoustic waves, and 
we verified that it does not significantly modify the average tempera-
ture and elastic fields predicted by the model (Supplementary Fig. 3). 
Finally, to obtain the in-phase and out-of-phase convoluted thermal 
profiles from the model predictions, we perform the lock-in operations 
described in the ‘Describing in-phase and out-of-phase signals’ section. 
More details are provided in Supplementary Note 1.

Describing in-phase and out-of-phase signals
To model the photoresponse, specifically the in-phase and out-of-phase 
signals, we use the results of the simulations from both the phenom-
enological diffusive Fourier model and the mesoscopic hydrodynamic 
and thermoelastic models, and simulate the lock-in detection process. 
As an example, Extended Data Fig. 4a shows the temperature dynamics 

obtained from the Fourier model over multiple modulation cycles. 
First, we examine the case with a thermal diffusivity of 0.20 cm2 s−1 at a 
modulation frequency fmod of 10 kHz. The temperature rises during the 
pump-on period, reaching its peak by the end of this window, and then 
decays during the pump-off period, returning to zero in approximately 
2 μs during the pump-off window (Extended Data Fig. 4a).

To simulate the lock-in operation, we multiply this temperature 
signal by a sine function (to obtain the in-phase signal) and a cosine 
function (to obtain the out-of-phase signal), both at the modula-
tion frequency of the pump (Extended Data Fig. 4b,c). We obtain 
the in-phase and out-of-phase signals by averaging these products 
over time. Repeating this process for temperature dynamics at dif-
ferent spatial positions (from the hotspot to the heat sink) allows 
us to reconstruct the in-phase and out-of-phase spatial profiles 
(Extended Data Fig. 4d). The cosine-weighted temperature dynamics 
average out to nearly zero, whereas the sine-weighted dynamics remain 
finite, indicating a predominantly in-phase response and a negligible 
out-of-phase contribution.

Next, we consider a higher modulation frequency, fmod = 240 kHz,  
and repeat the Fourier simulation with D = 0.20 cm2 s−1. Extended  
Data Fig. 4e shows the resulting temperature dynamics at various 
spatial positions. The temperature rises during the pump-on period, 
reaches its maximum near the end of this window, and then decays 
during the pump-off period, returning nearly to zero before the onset 
of the next pump-on cycle. Unlike the 10-kHz case, a finite-temperature 
signal persists during the pump-off window. This key difference leads to 
a finite out-of-phase contribution when averaging the cosine-weighted 
temperature dynamics (Extended Data Fig. 4f–h).

Finally, we consider the case of a lower diffusivity, 0.02 cm2 s−1,  
and repeat the Fourier simulation at fmod = 240 kHz. Extended Data  
Fig. 4i illustrates the temperature dynamics for this scenario at vari-
ous spatial positions. Two key differences emerge. First, as shown in 
Extended Data Fig. 3, the temperature does not fully decay during 
the pump-off period, unlike in the case of higher diffusivity. Second, 
around 2 μm from the heat source, the temperature rises slowly during 
the pump-on window and decays equally slowly during the pump-off 
window. The lower diffusivity causes heat to propagate more slowly, 
resulting in delayed temperature rise, with the maximum temperature 
at 2 μm occurring during the pump-off phase.

This delayed heating causes the temperature dynamics at this 
location to be π out of phase, leading to a sign change in the in-phase 
signal. Note that the out-of-phase signal is π/2 out of phase with respect 
to the in-phase signal. Mathematically, these negative in-phase signals 
occur because when the temperature dynamics are multiplied by the 
sine wave, a substantial portion of the sine’s negative part overlaps 
with the temperature during the pump-off period. Consequently, 
after averaging, certain regions in the in-phase spatial profile exhibit 
sign changes (Extended Data Fig. 4j–l). In summary, the observed sign 
change in the in-phase signal in our experiments does not indicate 
negative differential temperatures but is a result of the lock-in opera-
tion. This phenomenon becomes apparent when there is a slow, highly 
viscous flow of heat, as seen in ultrathin layered semiconductors (see 
the main text) with low thermal diffusivity.

DFT details for LBTE calculations
As an independent approach, we perform LBTE calculations that 
include non-diffusive effects, except for thermoelastic effects. We 
follow the strategy presented in ref. 49 to solve the LBTE:

∂gn
∂t

+ vn ⋅ ∇gn = Qpn +∑
j
ωnWn,j

1
ωj
(c jΔT − g j), (4)

where gn is the deviational phonon energy density per mode, Q is the 
macroscopic volumetric heat generation rate and the values pn describe 
the distribution of heating among the phonon modes. The continuous 
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integral of the collision term in the Boltzmann transport equation has 
been discretized as matrix Wn,j, which is a general scattering matrix 
of dimensions M × M describing the scattering rate between phonon 
states n and j, acting on the difference between the equilibrium and 
non-equilibrium distribution functions. The heat generation rate 
expressed as Q = δ(t)χ(x), where δ(t) is the Dirac delta, corresponds to 
impulse laser heating with a spatial intensity profile χ(x). The tempera-
ture T is defined49 as the value for which the equilibrium energy density 
of phonons matches the non-equilibrium energy density. Linearization 
gives the temperature rise ΔT as the ratio of the non-equilibrium energy 
density of phonons divided by the heat capacity Cv:

ΔT = 1
Cv

∑
n
gn. (5)

To obtain the necessary inputs for the LBTE and ballistic predictions, we 
performed DFT calculations using the QUANTUM ESPRESSO package. 
Several pseudopotentials and exchange–correlation functionals were 
tested including the full relativistic norm-conserving pseudopotential, 
ultrasoft pseudopotentials and standard solid-state pseudopotentials 
with the Perdew–Burke–Ernzerhof generalized gradient approxima-
tion and PBEsol. The DFT calculation parameters used in this work are 
as follows: a 20 × 20 × 1, 20 × 20 × 1, 16 × 16 × 16 and 16 × 16 × 16 Monk-
horst–Pack k-mesh with a kinetic energy cut-off of 110, 120, 100 and 
100 Ry and convergence criteria of 1 × 10−15, 1 × 10−16, 1 × 10−14, 1 × 10−14 Ry 
is used for monolayer MoS2, monolayer MoSe2, bulk MoS2 and bulk 
MoSe2, respectively. 8 × 8 × 1, 8 × 8 × 1, 4 × 4 × 4 and 4 × 4 × 4 second-order 
force constant supercells and 4 × 4 × 1, 4 × 4 × 1, 4 × 4 × 4 and 4 × 4 × 4 
third-order force constants up to the fifth nearest neighbour were 
used, where only wavefunctions at the gamma point were considered 
for extraction of the third-order force constants for monolayer MoS2, 
monolayer MoSe2, bulk MoS2 and bulk MoSe2, respectively. DFT and 
Boltzmann transport equation input and output files are available via 
GitHub at https://github.com/jamalabouhaibeh/Calculations. The 
results for the ballistic regime are described in Supplementary Note 2 
and Supplementary Figs. 4 and 5.

Data availability
The data supporting the findings of this study are provided in the 
article and its Supplementary Information. Source data are provided 
with this paper. Source data are also available via Zenodo at https://
doi.org/10.5281/zenodo.19114529 (ref. 50).
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Extended Data Fig. 1 | Suspended MoS2 samples. Optical microscope images of the measured suspended MoS2 samples. The scale bar (15 μm) for monolayer (1L) is 
valid for all the images. For details on sample fabrication and characterization, see ref. 36.

http://www.nature.com/naturephysics
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Extended Data Fig. 2 | Detailed schematic of the spatiotemporal thermometry setup. OPO: Optical Parametric Oscillator, EOM: Electro-Optic Modulator, LBO: 
lithium triborate crystal, LP: longpass filter, B.S.: beam splitter. For more details, see ref. 21.
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Extended Data Fig. 3 | Temperature decay due to in-plane heat diffusion. 
Temperature dynamics as calculated using the phenomenological Fourier model 
over a full modulation window of 4 μs (1/240 kHz). A relatively large thermal 
diffusivity of 0.20 cm2/s leads to efficient heat spreading to the heat sink at the 
edges of the suspended crystal. Consequently, less heat accumulates within each 

cycle, enabling the system to reach thermal equilibrium before the subsequent 
pump-on window. In contrast, a lower thermal diffusivity of 0.02 cm2/s leads to 
slower heat spreading, resulting in more heat accumulation, and leftover heat at 
the end of the modulation period.

http://www.nature.com/naturephysics
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Extended Data Fig. 4 | The lock-in operation demonstrated with the 
phenomenological Fourier model. a, Temperature dynamics obtained from the 
diffusive Fourier model using a diffusivity of D = 0.20 cm2/s at two different 
locations, namely r = 0 and 2 μm from the central hotspot, during square wave 
modulation ( fmod = 10 kHz) cycles. b, c, Temperature dynamics multiplied by 
sine (b) and cosine (c) functions. d, Resulting in-phase and out-of-phase spatial 
profiles after averaging the sine- and cosine-multiplied temperature dynamics at 

different spatial positions r. e–l, The same results ( fmod = 240kHz) using a 
diffusivity of D = 0.20 cm2/s (e–h) and D = 0.02 cm2/s (i–l). l, The in-phase and 
out-of-phase spatial profiles obtained for D = 0.02 cm2/s, where in-phase profiles 
show a dip with negative signal a few micrometers away from the central hotspot. 
The out-of-phase profiles in panels d, h, and l are multiplied by − 1 for convenient 
comparison.

http://www.nature.com/naturephysics
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Extended Data Fig. 5 | Decay dynamics and pump fluence dependence on 
ΔR/R. a, Temporal dynamics on the suspended region of mono-, bi-, and trilayer 
MoSe2 flake. As discussed in the main text and in detail in Ref. 21, the signal at 
Δt < 0 (or Δt = 13 ns) represents the phonon heat accumulated in the system. 
Thinner flakes show more heat accumulation due to less efficient heat transport 

to the heat sinks. b–d, The transient reflectivity signals at Δt = 13 ns show a linear 
dependence with pump fluence for monolayer (b), bilayer (c), and trilayer (d) 
MoSe2 samples, which makes the transient reflectivity a suitable indicator of the 
lattice temperature. Error bars represent the standard deviation of the averaged 
signal before Δt < 0 (Δt = 13 ns).

http://www.nature.com/naturephysics
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Extended Data Fig. 6 | Fluence dependent spatial scans. a–b, In-phase (a) 
and out-of-phase (b) signals (in volts, V) obtained from an 8-layer MoSe2 sample 
at different pump fluences. c–d, Normalized profiles, whose nearly identical 
shapes confirm that we are operating in the linear regime and that the transient 
reflectivity profile is a suitable indicator of the lattice temperature profile. e–f, In-

phase (e) and out-of-phase (f) signals (in volts, V) obtained from a 3-layer MoSe2 
sample at different probe fluences. g–h, Normalized profiles, whose nearly 
identical shapes indicate that there are no undesired effects of our probe light on 
the spatial profiles.

http://www.nature.com/naturephysics
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Extended Data Fig. 7 | Experimentally obtained spatial profiles for different 
thicknesses. a–h, In-phase (filled markers) and out-of-phase (open markers) 
spatial profiles measured on suspended MoSe2 of varying thicknesses, from 
3 (a) layers to 20 (h) layers. The datasets are described by the heat diffusion 

equation based on the Fourier model incorporating lock-in operation (solid 
line for in-phase, dashed line for out-of-phase). The out-of-phase profiles are 
multiplied by − 1. The obtained (effective) diffusivities are plotted in Fig. 2d.

http://www.nature.com/naturephysics
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Extended Data Fig. 8 | Calculated temperature profiles from LBTE. a–b, 
Temperature profiles obtained via solutions to the LBTE for monolayer MoSe2 
with an initial Gaussian heat impulse of σ = 0.7 μm at T = 300 K for (a) NC-PBE 
and (b) US-PBESOL pseudopotentials. Fitting these profiles to a diffusive 
model yields effective diffusivities of 0.25 cm2/s for NC-PBE and 0.18 cm2/s 
for US-PBESOL, corresponding to 30% and 10% reductions from the diffusive-

limit monolayer value, respectively. The LBTE percentwise reductions 
are in reasonable agreement with the reductions observed in the Raman 
measurements, confirming the role of non-diffusive heat transport. The 
LBTE in its form here does not explain the spatiotemporal measurements, as 
thermoelastic effects are not included.

http://www.nature.com/naturephysics
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Extended Data Fig. 9 | Comparison of hydrodynamic, conventional 
thermoelastic, and hydro-thermoelastic models. a, Spatial profiles obtained 
using the hydrodynamic model describing the in-phase (solid line) and out-of-
phase (dashed line) components of a monolayer MoSe2 signal (solid circles for in-
phase, open circles for out-of-phase). b, Corresponding profiles obtained using 
the conventional thermoelastic model, which considers thermal expansion and 

the thermomechanical energy balance, but without including a thermoelastic 
heat flux contribution. c, Profiles from the combined hydro-thermoelastic 
model, which provides the best description of the experimental dataset. All 
profiles are normalized to the peak of the fit of the in-phase signal, and the out-of-
phase profiles are multiplied by − 1.

http://www.nature.com/naturephysics
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Extended Data Fig. 10 | Photoluminescence measurements.  
a, Photoluminescence (PL) spectra acquired from the suspended region of a 
monolayer MoSe2 sample at a few different pump laser (wavelength = 515 nm) 
powers. b, Spectral average of the PL spectra at different fluences, exhibiting 

a linear dependence, showing that effects of an electron–hole liquid phase 
can be discarded. c, Schematic of the PL measurement setup, which is a simple 
adaptation of the spatiotemporal thermometry setup.

http://www.nature.com/naturephysics

	Controllable hydro-thermoelastic heat transport in ultrathin semiconductors at room temperature

	Diffusive and hydrodynamic heat transport

	Combined hydrodynamic and thermoelastic effects on heat transport

	Comparing diffusive, hydrodynamic and hydro-thermoelastic regimes

	Online content

	Fig. 1 Spatiotemporally mapped heat transport in MoSe2 crystals.
	Fig. 2 Heat transport in MoSe2 crystals with varying thickness.
	Fig. 3 Experimental observation of strongly impeded heat transport explained by hydro-thermoelastic transport model.
	Fig. 4 Diffusive and non-diffusive contributions to heat transport.
	Extended Data Fig. 1 Suspended MoS2 samples.
	Extended Data Fig. 2 Detailed schematic of the spatiotemporal thermometry setup.
	Extended Data Fig. 3 Temperature decay due to in-plane heat diffusion.
	Extended Data Fig. 4 The lock-in operation demonstrated with the phenomenological Fourier model.
	Extended Data Fig. 5 Decay dynamics and pump fluence dependence on ΔR/R.
	Extended Data Fig. 6 Fluence dependent spatial scans.
	Extended Data Fig. 7 Experimentally obtained spatial profiles for different thicknesses.
	Extended Data Fig. 8 Calculated temperature profiles from LBTE.
	Extended Data Fig. 9 Comparison of hydrodynamic, conventional thermoelastic, and hydro-thermoelastic models.
	Extended Data Fig. 10 Photoluminescence measurements.
	Table 1 Hydro-thermoelastic model properties for MoSe2.
	Table 2 Hydro-thermoelastic model properties for MoS2.




