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Wavelike heat transport in solids, known as phonon focusing, has so far been
observed only at cryogenic temperatures, limiting both its investigation

and potential applications. Here we demonstrate phonon focusing at room
temperature inboron arsenide, a material with high thermal conductivity.
The measured ray-like temperature patterns and heat propagation dynamics
match with first-principles Boltzmann transport simulations. We show that
the observed heat dynamics originate from the spatial redistribution of
non-equilibrium phonon waves with long propagation lengths. Moreover,
our first-principles theory identifies distinct transport symmetries governed
by crystallographic orientation, which we experimentally validate across
multiple samples. These findings offer opportunities for directional and
nanoscale control of phonon waves, non-equilibrium phonon distributions,
and phonon-carrier interactions for next-generation thermal and quantum
technologies at room temperature.

Phononfocusingis one of the most exotic phenomenain heat-transport
physics' . Innon-metallic solids, phonons—quantum mechanical modes
of lattice waves—are the primary carriers of heat. Typically, phonons
disperse heatinall directions, continuously spreading thermal energy
throughoutamaterial, as described by the well-established principles
of heat conduction found in textbooks*. Nevertheless, phonons exhibit
aninherent wave-particle duality, and fundamental wave propagation
could emerge under minimum scattering’, providing the possibility to
direct sound or heat®’, analogous to the way light is focused through
alens and guided along specific paths, as seenin applications ranging
from eyeglasses to telescopes. However, observing phonon focusing
inheat transportis particularly challenging, because heat conduction
involves broadband phonons that extend beyond terahertzfrequencies
and possess short wavelengths. This makes temperature effects far more
elusive than acoustics or ultrasound, where only low-energy acoustic
phonons near the Brillouin zone centre are excited and contribute®.
The exploration of phonon focusing in heat transport has been
scarcesofar,andrestricted to cryogenic temperatures. The earliest and
only temperature measurements date back to the 1970s' >, where deli-
cate experiments using asuperconducting bolometer were conducted
to detect heat pulses at extremely low temperatures ranging from

1.8 to 3.6 K. At these low temperatures, phonons can travel long dis-
tances without scattering, allowing their wave-like nature to become
more pronounced. At higher temperatures, theincreased population of
phonons and their more frequent scatterings (with other phonons,
lattice imperfections, defects and so on) result in frequent energy
and momentum exchanges, disrupting phonon waves and causing
thermal energy to become more diffusive, resembling classical heat
conduction. The rarity of the observation of phonon focusing and its
limitation to low temperatures haveimpeded its scientificexploration
and potential applications over the past several decades. Despite these
challenges, understanding fundamental wave behaviours and the
potential for precise control of heat flow and thermal properties is cru-
cialforenabling new approachesinelectronics thermal management,
materials design and advanced quantum devices’ . In this Article, we
report the experimental observation of phonon focusingin heat trans-
portatroomtemperature, revealed through phonon-focusing-induced
temperature patterns measured by nanoscale temperature imaging
and explained by first-principles theoretical analysis. This discovery
not only confirms the existence of room-temperature phonon heat
waves, but also opens new possibilities for directionally controlling
heat transportatthe nanoscale, tailoring the phonon density of states,
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Fig. 1| Experimental set-up for the nanoscale temperature-mapping
technique based on tip-enhanced Raman spectroscopy. a, Schematic
illustration of the experiment. Localized heating is induced by a nanoscale tip,
and theresulting temperature profiles are characterized by measuring the
surface morphology resulting from thermal desorption of surrounding single-
layer molecules using tip-enhanced Raman spectroscopy. b,c, Images of the
STM-controlled experimental system, showing the excitation laser (b) and the
scanning probe with a nanoscale tip (c). Inset: scanning electron microscopy
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image of the gold tip. Scale bar, 100 nm. d, Raman spectra of self-assembled
single-layer molecules measured at different temperatures. e, Temperature-
dependent Raman intensity of the characteristic Raman peak measured from
tenindependent samples. Error bars represent standard deviations, and centre
valuesindicate the mean. f, Two-dimensional imaging of agold film, revealing
acircular temperature profile characteristic of diffusive heat conduction. The
colour scale denotes Raman intensity in arbitrary units, increasing from low (dark
red) to high (yellow). Scale bar, 100 nm.

engineering non-equilibrium phonondistributions, and manipulating
interactions of phonons with electrons or other energy carriers to
advance fundamental science and device technologies beyond classical
heat-transfer frameworks".

We have developed a nanoscale temperature-mapping approach
based on tip-enhanced Raman spectroscopy’® ™™ to measure tempera-
ture patterns generated under nanoscale heating excitation, thereby
capturingthe propagation of non-equilibrium phononwaves. Measure-
mentsare conducted instandard scanning tunnelling microscopy (STM)
mode (Methods). The operating principles and a photograph of the
experimental set-up areshowninFig.1aandb, respectively. Ascanning
probe with a nanoscale gold tip (Fig. 1c) is positioned near the sample
surface, functioning as both a heat source and a temperature sensor.
By applying an electrical current through the nanoscale tip,Joule heat-
ingisinduced at the tunnellingjunction, creating ananoscale hot spot
and generating temperature gradient profiles driven by heat flux. To vis-
ualizethe temperature distribution, asingle layer of 1-octadecanethiol
molecules is uniformly coated on the sample surface through
self-assembly driven by molecular bonding mechanisms'*”. Funda-
mentally, upon heating, the principle of thermal desorption selectively
reduces the molecular density in regions with elevated tempera-
tures, while molecules remain intact in cooler areas'’. Consequently,
characterization of the molecular surface coverage reveals the steady-
state temperature distribution surrounding the nanoscale hot spot.

The nanoscale spatial resolution of temperature mapping
is enabled by the operation principle of the tip-enhanced Raman
technique'®®: when illuminated with an excitation laser (Fig. 1a),
localized surface plasmons are excited at the tip apex, substantially
enhancing the electromagnetic field in the cavity between the tip
and the sample. This localized enhancement amplifies the Raman
scattering signal from the molecules directly beneath thetip, thereby
increasing detection sensitivity and enabling nanoscale spatial reso-
lution approaching the tip apex size. The temperature sensitivity and
nanoscale resolution of our experimental set-up were experimen-
tally validated. As shownin Fig. 1d, tip-enhanced Raman spectra were

collected from single-layer molecules onthe sample surface at various
temperatures. A characteristicRaman peak at-1,338 cm™, correspond-
ing to the C-C stretching and C-H bending modes in the molecules®,
gradually decreasesinintensity withrising temperature due to thermal
desorption, until the molecular layer is fully removed.

Comprehensive validation and quantitative analysis of the
temperature-dependent experiments (Methods) further confirmthe
robustness, reproducibility and nanoscale resolution of the technique.
Using thisapproach, we characterized temperature profiles generated
by nanoscale heating. For example, measurements performed onagold
film and the corresponding two-dimensional Raman image (Fig. 1f)
reveal a circular and continuous molecular pattern, characteristic of
the diffusive heat conduction typically observed in common materials®.

We investigated phonon focusing in boron arsenide (BAs), a
recently discovered semiconductor™"**"¥, As a cubic crystal, BAs
exhibits an extraordinarily high thermal conductivity of 1,300 W m ™K,
which isisotropic in all crystal directions and surpasses that of most
common materials”. The synthesis and preparation of BAs single crys-
talsare detailed in the Methods and our recent reports™** 2, To verify
the crystal quality, we used high-resolution transmission electron
microscopy (TEM), which revealed atomically resolved lattice struc-
tures (Fig. 2a). The freshly cleaned BAs crystals were immersed in a
1 mMsolution of octadecanethiol isomerin ethanol at room tempera-
ture for 24 h, forming asingle layer of molecules on the sample surfaces.
Subsequently, the BAs samples were characterized using nanoscale
temperature heating and imaging, following the same approach as
described above.

The measurement on BAs atroom temperatureis showninFig. 2d.
Strikingly, it reveals ray-like features with six-branch symmetry on
the BAs surface, which are consistently reproduced across multiple
samples (Extended DataFig. 3). This measurementindicates that heat
flux travels from the central hot spot along the six high-symmetry
directions with much greater intensity. This behaviour deviates nota-
bly from classical diffusive heat conduction, which would produce
continuous temperature profiles, suchas the circular pattern observed
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Fig. 2| Experimental measurements of phonon focusing in cubic BAs crystals.
a, High-resolution TEM image of a BAs single crystal. Inset: schematic of the
zinc-blende face-centred cubic crystal structure with F43m space group.

b-e, Measured molecular profiles showing the evolution of phonon-focusing

patterns at different temperatures: 80 K (b), 150 K (c), 300 K (d) and 400 K (e).
The results represent temperature profiles measured on the (111) crystal surface.
The colour bar denotes relative Raman intensity in arbitrary units. The colour
scaleincreases from low (dark red) to high (yellow) Raman intensity.
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Fig. 3 | First-principles theory and analysis of phonon-focusing mechanisms.
a, First-principles calculated three-dimensional phonon band structure of

the BAs crystal. The plot shows aniso-frequency surface at 7.8 THz for the
longitudinal phonon branch. b, First-principles calculated three-dimensional
directional number of states, indicating the preferential transport directions and
symmetry that give rise to phonon focusing. ¢, Calculated full-spectrum phonon
propagation lengths as a function of phonon frequency and temperature,
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revealing the origin for room-temperature phonon focusing.d, Calculated heat
conductance G under phonon focusing, shown as aratio to the ballistic thermal
conductance G,, illustrating the spatial redistribution of thermal conductance
and temperature, with peak conductance beyond the ballistic thermal transport
limits due to phonon focusing effects. The results presented are for the (111)
crystal surface. G,=8.68 Wm™rad K.

in Fig. 1f. The observed ray-like temperature patterns arise from the
direction-preferred propagation of non-equilibrium phonon waves
following hot excitation, leading to ‘focused’ phonon propagation in
distinct principal directions—a phenomenon known as phonon focus-
ing. The fundamental origin and theoretical analysis of phonon focus-
ingare discussed below, but these measurements clearly demonstrate
that phonon focusing can govern heat transport and produce exotic
temperature profiles at room temperature.

We also conducted temperature-dependent measurements of the
phonon-focusing patterns across a range of temperatures from 80 to
400 K. The experimental results, plottedin Fig. 2b-e, demonstrate the
effects of temperature on the phonon-focusing patterns. Across all
temperatures, the six-fold symmetry of the principal directions
is maintained. Given that the surface plane of this BAs crystal is (111),
the principal directions can be indexed along [110], [110], [101], [101],
[01i]and [011]. However, the length of the focused phonon rays varies
withtemperature, from-~1.2 pmat 80 K, decreasing to ~350 nmat150 K,
andfurtherto~-250 nmat300 K, indicating stronger phonon scattering
athigher temperatures. When the sample temperature exceeds 400 K,
the measured patterns merge into a hexagonal structure (Fig. 2e),
reflecting the persistence of six-fold principal symmetry from phonon
focusing, while the temperature profile transitions towards the circular
symmetry characteristic of classical heat conduction. Additionally, at
low temperatures, secondary features were observed. At 80 K, secon-
dary rays appeared along six minor symmetry directions: [211], [211],
[121], [121], [112] and [112]. These secondary rays weaken at 150 K and
become completely invisible at 300 K. This suggests that the minor
focusing directions have phonon populations that are less concen-
trated thanin the principal directions.

Tounderstand the observed dynamics and underlying transport
physics, we performed first-principles calculations®®™'. Detailed
descriptions of the first-principles theoretical methods are provided

in the Methods and in recent publications by us and others® >33,

Fundamentally, temperature is a collective result of phonon waves
from all modes, characterized by wavevector k and phonon band
index s (ref. 5). For each phonon mode, its heat flux q, driven by
a nanoscale excitation from the hot spot, can be quantified as the
non-equilibrium deviation (6ny,) of the phonon density from the
Bose-Einstein distribution, represented as

@

Qs = HWysVisOrs

where 7 is the reduced Planck constant, and w,, and v, represent
the phonon frequency and group velocity, respectively. In reciprocal
space, this equation indicates that the mode-dependent heat flux qy
is caused by a phonon wave propagating with velocity vy, while heat
transport canbe complicated by thismode dependence as the overall
heat flux comprises integrated contributions of all phonon modes.

We performed first-principles calculations of the phonon band
structure and found that, despite the isotropic thermal conductivity
in real space caused by the uniform atomic arrangement in the
cubic crystal lattice of BAs, anisotropy fundamentally exists in
reciprocal space. As shown in Fig. 3a, the calculated iso-frequency
surface highlights this anisotropy: the quasi-flat nature of the surfaces
along specific high-symmetry directions allows a much higher prob-
ability for phonon waves to propagate in these symmetric directions,
dictated by their direction-concentrated vector group velocities vy
(thatis, normal to the surface), leading to the focusing effect.

In real space, heat flux is contributed by all phonon modes over
the full Brillouin zone:

1

= o 25 S 10ks18 (Qa,6 — Qus) dk

=%./95(0.¢.r,0)dw

q(6.9.r) -
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Fig. 4| Theoretical predictions and experimental measurements of crystallo-
graphically dependent phonon-focusing symmetry at room temperature.
a-c, Theoretically predicted phonon-focusing patterns from first-principles
Boltzmann transport simulations along different crystal directions of BAs: (111)
(a), (100) (b) and (110) (c). Insets: atomic planes viewed along various crystal
orientations (right) and the corresponding directional number of states

(no. per rad) (left). The colour scale denotes the normalized temperaturerise,
AT, increasing from low (yellow) to high (dark red). AT is normalized to the value

Intensity

atapoint30 nmfrom the heater centre along the horizontal axis. d-f, Experimental
measurements of temperature profiles on BAs crystals with different crystallo-
graphic surface planes along (111) (d), (100) (e) and (110) (f). The measured
phonon-focusing patterns, exhibiting six-fold, eight-fold and four-fold
symmetries, respectively, show agreement with the theory predictions. The
colour bar denotes relative Raman intensity in arbitrary units. The colour scale
increases from low (dark red) to high (yellow) Raman intensity. Scale bars, 100 nm.

where Q,, and Q,, represent the solid angles in the (6, ¢) and vy,
directions, respectively. g, (6, ¢, r, w) is the spectral directional heat
flux per unit frequency and solid angle:

qs(0,9,r,0) = hwv, (0, 9, w) 8ns (6, 9,1, w) DOS, (6,9, w)  (3)

Here, the directional density of states DOS; (6, ¢, ) represents
the number of phonon modes per unit frequency and solid angle, which
weights the contribution to heat flux in each direction. As shown in
Fig.3b, thespectralintegration of DOS;is calculated as the directional
number of states, highlighting high-symmetry directions where a
large number of phonon modes travel, leading to phonon focusing
along these crystal orientations. For example, in the crystal plane of
(111), the major symmetry directions are determined by the theory to
be[110],[110],[101], [101], [011]and [011], forming the six-fold principal
symmetry that is consistent with the experimental measurement at
room temperature in Fig. 2. In addition, the theory also predicted
six minor symmetry directions, [211], [211], [121], [121], [112] and [112],
corresponding to the fine features measured at lower temperatures,
as measured in Fig. 2b.

Based on the analysis, we attribute the fundamental origin of the
observed temperature profiles of phonon focusing to the propagation-
dependent non-equilibrium phonon density. The deviation én, of
all phonon modes collectively contributes to the temperature differ-
encerelative to the equilibrium background. Wave-like heat transport
ischaracterized by phononwaves that experience minimal scattering
andretaintheir orthogonal modes while propagating in distinct direc-
tions. Additionally, we find that, in the radial direction, the phonon
waves propagate but gradually decay due to cumulatively increasing
scattering. We quantify the damping of these phonon waves by defining
aphonon propagationlength, L

Ir|

8ny (60, .1, w) ~ 8ny (6,$,0,w)e C40) 4)

where the deviational phonon density decays exponentially, and the
propagationlength measures the distance the phononwave can travel.

From first-principles theory, the spectral-dependent propagation
length of BAs is calculated and presented as a function of tempera-
ture in Fig. 3c. Unlike acoustic or ultrasound waves—low-frequency
mechanical vibrations (below gigahertz) that can propagate over
long distances (more than centimetres)—temperature is primarily
contributed by high-frequency thermal phonons (terahertz). Asshown,
the propagation length of the thermal phonons from high-frequency
modesis muchshorter thanthat of the low-frequency modes, explain-
ing why observing phonon-focusing-induced temperature profiles has
been challenging and limited to cryogenic temperatures' . In most
materials, the spectral propagation length decreases dramatically at
high frequency, butin BAs, even at room temperature, the propagation
length persists up to micrometres across the phonon spectrum up to
8 THz, demonstrating the fundamental possibilities for the observed
phonon focusing at room temperature.

To further elucidate the propagation dynamics of phonon waves,
we used first-principles theory to quantitatively determine phonon
transport by solving the full phonon spectrum-dependent Boltzmann
equation®, Allphonon properties, including dispersion, group velo-
cities and scattering matrices, were determined using first-principles
methodsbased on density functional theory (more details are provided
inthe Methods and the literature). To accurately describe the phonon
scattering processes in the scenario of strong non-equilibrium, the
scattering matrix is used to precisely determine the transitions
between each pair of phonon modes, overcoming the limitations of
the single-mode relaxation time approximation in such conditions®®™',

Figure 3d presents the spatially dependent thermal conduct-
ance G(r, ¢) of BAs under phonon focusing at room temperature.
Two-dimensional mapping of thermal conductance, shown in a
zoomed-in view near a principal symmetry direction (¢ = 0), reveals
two key features. First, spreading along angular directions (¢), there
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is substantial variation in conductance. The thermal conductance
is substantially higher as a narrowly focused peak in the symmetry
direction, butdropssharply at locations away from this direction. This
angular distributionillustrates the physical origin of phononfocusing,
which redistributes spatial heat conductance by directing phonon
populations from nearby locations and more towards the symmetry
directions, thereby substantially enhancing thermal conductance in
these directions. For a quantitative comparison, we plotted Gas aratio
relative to the ballistic thermal conductance (G,), which represents the
scenario where all phonon modes undergo ballistic transport without
scattering losses and uniformly radiate inall directions (Methods). G, is
typically considered the upper limit of thermal conductance in solids,
ortheradiation limit. Itis interesting to note that the phonon-focusing
effect redistributes the conductance at the symmetry line, forming a
peak conductance to exceed the ballistic thermal conductance, thatis,
G/G,>1.Second, inthe radial direction (r), phonon focusing, character-
ized by directionally enhanced thermal conductance, decays with rbut
remains pronounced at room temperature. The orders-of-magnitude
longer propagation lengths of a broad spectrum of phonon modes
in BAs explain the unusual observation of such exotic temperature
phenomena at room temperature.

Importantly, first-principles theoretical calculations further pre-
dictunique transport symmetries that depend on crystal orientation,
revealing distinct propagation characteristics of phonon waves across
various crystal planes of BAs. As shown in Fig. 4a-crespectively, distinct
six-fold, eight-fold and four-fold focusing patterns are theoretically cal-
culatedforthe (111), (100) and (110) crystal planes. For the theory, these
intrinsic variations in phonon-focusing patterns originate fromthe lat-
tice symmetriesin each preferred direction (Fig.4a—c, toprightinsets),
whichresultin the corresponding directional number of states in the
surface plane (Fig. 4a-c, bottom left insets). For instance, the lattice
structure of the (111) surface exhibits six mirror symmetries due to its
triangular atomic arrangement, where each atom is surrounded by
six equidistant neighbours, forming arepeating pattern of equilateral
triangles. The equilateral triangle has three symmetry lines passing
throughits vertices and three more along its edges, resulting in a total
of sixmirror planes. Each symmetry line creates two equivalent paths
in opposite directions along the mirror plane. The three symmetry
lines passing through the triangle vertices lead to the formation of six
principal peaksin DOS; (0, ¢, w), while the other three symmetry lines
along the triangle edges correspond to the six minor peaks.

To test these theoretical predictions, we performed additional
experiments along different crystal orientations. We prepared different
BAs samples with (111), (100) and (110) surfaces and measured their
heat-flux-driventemperature profiles, as shown in Fig. 4d-f. The meas-
urements reveal distinct six-fold, eight-fold and four-fold phonon-
focusing patterns, respectively, highlighting the inherent influence
of in-plane crystal symmetry and showing close agreement with the
theoretical calculations in Fig. 4a-c. For instance, the eight-fold
phonon-focusing pattern on the (100) surface arises from the sym-
metric preferential travelling directions along [011], [011], [011], [O11],
[001],[001],[010] and [010]. In contrast, the four-fold phonon-focusing
feature on the (110) surface arises from the inequivalent horizontal
and vertical directions, [001]/[001] and [110]/[110]. These results
confirm that the symmetry and propagation dynamics of phonon
focusingaregovernedby crystallographicorientation, reciprocal-space
anisotropy and non-equilibrium phonon propagation, and that the
resulting temperature patterns can be quantitatively predicted from
the underlying transport physics. Together, they provide fundamental
insightsinto unconventional, wave-governed heat transport and high-
light the potential of extreme thermal materials® ™ to access exotic
transport regimes rooted in the quantum nature of phonons at
room temperature.

Our findings show that phonon focusing can persist at and above
room temperature, establishing a new regime of heat transport in

which non-equilibrium phonons retain pronounced wave-like and
symmetry-governed behaviour under ambient conditions. These
exotic, ray-like temperature profiles concentrated along symmetry
directions are markedly distinct from those of classical heat transfer.
More broadly, the results indicate that wave-governed exotic and
quantum transport phenomena, long thought to be confined to cryo-
genic settings, can become experimentally accessible at technologi-
cally relevant temperatures in advanced materials. Looking ahead,
the discovery of ambient phonon wave dynamics, together with the
ability to directionally control heat flow and precisely tailor phonon
coupling to other energy carriers, could open new frontiers beyond
classical thermal-management frameworks', enabling phononic
metastructures and new device concepts for thermal, electronic and
quantum technologies.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Sample preparation and characterizations

High-quality cubic BAs crystals were synthesized by means of the
chemical vapour transport method. The reaction sources were intro-
ducedinto aquartztube after grinding high-purity boron and arsenic
powders (99.9999%, Alfa Aesar) using a mortar and pestle in a stoi-
chiometric ratio of 1:2. After evacuating and flame-sealing the tube
under high vacuum (107 torr), the tube was placed into a customized
three-zone reaction furnace with a1,083-K hot zone, 1,058-K centre
zone and 1,033-K cold zone. Further details of the chemical synthesis
of BAs canbe found in our recent reports'™'>",

The as-synthesized crystals were immediately placed into
a capped vial with a1 mM solution of 1-octadecanethiol isomer in
ethanol (Sigma-Aldrich) after careful cleaning with hydrochloric
acid, acetone and ethanol, then left at room temperature (-25 °C) for
24 h. The sample was then removed, rinsed with ethanol and dried
with nitrogen. Further details on the preparation of self-assembled
monolayer molecules can be found in the literature reports from us
and others'®",

The sample for TEM imaging of the BAs crystal structure was
prepared using a focused ion beam (FIB) apparatus (Nova 600, FEI).
Initially, the sample was cut by the FIB into a miniature slab with
dimensions of 8 um (width), 8 um (height) and 2 um (thickness). A
nanomanipulator was used to transfer the slab onto a TEM sample
holder (PELCO FIB Lift-Out, Ted Pella). To ensure the sample was thin
enough (<100 nm) for effective electron-beam penetration during TEM
imaging, it was subsequently milled with the FIB and further refined
by nanomilling (model 1040 NanoMill, Fischione), gradually lower-
ing the voltage. Once the milling process was complete, the sample
was transferred to an aberration-corrected scanning TEM instrument
(Grand ARM, JEOL) for imaging.

Nanoscale heating and tip-enhanced Raman measurements
Localized nanoscale heating was achieved with a tunnelling current
across the junction between a nanoscale gold tip and the sample sur-
face, following a standard scanning tunnelling microscope (STM)
procedure. The gold tip was prepared by electrochemical etching in
ahydrochloricacid:ethanol (1:1) solution under an applied voltage of
2.4V (ref.34).

For nanoscale heating, the tip was approached to the sample sur-
face using ascanning probe microscope (Bruker Innova-IRIS) under a
constant voltage of1Vand withatarget tunnelling current of 1 nA. Once
astable tunnelling current was established, it was gradually increased
toahigherlevel (up to1-10 mA) and maintained for several seconds to
induce localized heating.

For Raman mapping, a low current (-1 nA) was used to enable
non-invasive measurements. A 633-nm laser (0.1 mW power) was
focused onto the gold tip using a x50 long working distance objective
lens (Mitutoyo SLWD x50) from the side. Raman-scattered photons
were collected and analysed using a Renishaw inVia Raman spec-
trometer. Once optimal alignment was achieved, the Raman signal
was maximized.

The mapping experiment was performed by scanning the sample
with a piezoelectric stage over an area of 1 x 1 pum?. The resulting
temperature distribution was derived from the integrated Raman
intensity within the1,325-1,355 cm~'range. Image processing and data
analysis were conducted using MATLAB (MathWorks).

Characterizations of Raman spectra

Temperature-dependent Raman spectroscopy was performed
across multiple samples and over an extended period. As shown
in Extended Data Fig. 1, temperature-dependent Raman data from
ten different samples were recorded and plotted together to dem-
onstrate consistency and reproducibility. In addition, as shown in
Extended DataFig.2, we conducted along-termstability test to evaluate

the robustness of the molecular layers. Raman intensities were moni-
tored over 30 days, and no appreciable change was observed.

Phonon focusing verified across multiple samples and
quantitative analysis

To evaluate the reproducibility of phonon focusing, measurements
were performed on multiple samples. As shown in Extended Data
Fig. 3, the phonon-focusing patterns measured from different
samples exhibit consistent and repeatable results. In addition, the
high-resolution Raman mapping enabled quantitative analysis. Specifi-
cally, the Ramanintensity was extracted as a function of both rotation
angle and radial distance, as shown in Extended Data Fig. 3d,e.

Nanoscale spatial resolution of the measurements

The spatial resolution in our set-up is primarily determined by three
factors: the STM piezoelectric positioning systemand settings, the tip
apexsize, and the signal-to-noise ratio of the Raman measurement. To
validate the spatial resolution, we performed high-resolution scans
across fine temperature distribution profiles, and the pixel-resolved
experimental data were analysed. As shown in Extended Data Fig. 4a,
two-dimensional mapping measurements reveal nanoscale features.
Additionally, position-dependent experimental data measured along
different locations are plotted in Extended Data Fig. 4b. These results
confirm the system’s capability for nanoscale spatial resolution.

Density functional theory calculations of phonon properties
of materials

We applied first-principles theoretical approaches based on density
functional theory to calculate the phonon properties®'%%-272830-33,35-4
2, The phonon dispersion, which is the relationship between phonon
frequency and phonon wave vector, is determined by diagonalizing
the dynamical matrix. The dynamical matrix is determined by
second-order interatomic force constants (IFCs), which are the second
derivatives of the potential energy with respect to the atomic displace-
ments. The group velocity is determined by the derivative of the pho-
nonfrequency withrespectto the wave vector. The phonon mean free
path A, isdetermined by Ay, = |vy| 7y, Where vy and 7y are the phonon
group velocity and the relaxation time of the phonon mode withwave
vector kandbranchindexs, respectively. The phononrelaxation time
is calculated by Fermi’s golden rule®, treating the anharmonicity and
isotopes as perturbations to the harmoniclattice dynamics. The third-
andfourth-orderIFCsare used to determine the three-and four-phonon
anharmonic scatterings, respectively. The IFCs are determined using
the finite displacement method'>**°, In this method, an irreducible
displacement set is generated on a 216-atom supercell. For each dis-
placement configuration, the forces acting onthe atoms are calculated
by density functional theory using Quantum ESPRESSO****, which
determines the displacement-force sets. The IFCs are extracted
by fitting the displacement-force sets using ALAMODE*. Up to the
fifth and second nearest-neighbouring atoms are considered for the
third- and fourth-order IFCs, respectively.

In density functional theory calculations, we use PZ pseudo-
potentials (B.pz-n-kjpaw_psl.0.1.UPF and As.pz-n-kjpaw_psl.0.2.UPF
from http://www.quantum-espresso.org) under the local density
approximation and the projector-augmented wave approach. The
Monkhorst-Pack grid for the 216-atom supercellis 2 x 2 x 2. Thekinetic
energy cutofffor electronic wavefunctionsis 120 Ry. The convergence
threshold for self-consistency is 10™. The directional number of
states and the relaxation time are calculated on 200 x 200 x 200 and
18 x 18 x 18 Monkhorst-Pack grids, respectively.

Ballistic heat conductance

Ballistic thermal transport represents a regime where phonon scatter-
ing losses are absent**%, The ballistic heat conductance G, is calculated
based onthe experimental geometry in this study, where phonons are

Nature Physics


http://www.nature.com/naturephysics
http://www.quantum-espresso.org

Article

https://doi.org/10.1038/s41567-026-03335-y

emitted uniformlyinalldirections fromacircular heater of radius R, and
the conductance per unit angle and unit length can be expressed as*

on?.
Go=RY f T ®)
Bz

where wy, n). and v, are the phonon frequency, Bose-Einstein
distribution and in-plane component of group velocity for phonon
modeKks, respectively.

First-principles Boltzmann transport simulations of phonon
focusing

Details of the first-principles Boltzmann transport simulations of
phonon transport can be found in recent publications’ >3,
Phonon-transport behaviour and dynamics were determined from
first-principles calculations using a variance-reduced Monte Carlo
algorithm building on our recent developments?~'*%, to solve the
three-dimensional deviational Boltzmann transport equation with
the full phonon scattering matrix:

oon
atkS + Vi * V6nk5 = Z Aks,k/:/ 5nk/s/ (6)
k’s'

where 8ny, = ny, — nf. is the deviation of the non-equilibrium phonon
distribution (n,) from the equilibrium Bose-Einstein distribution (n ).
Ay es is the scattering matrix that quantifies the transition rates from
k’s’toks. Conventionally, the single-mode relaxation time is assigned
to each phonon mode to describe phonon scatterings, assuming
that the background phonons are under equilibrium. However, for
high-thermal-conductivity materials with weak phonon scatterings,
such as BAs, this approximation loses accuracy due to there being
insufficient phonon scattering to maintain local thermal equilibrium.
Toaccurately capture the phonon dynamicsin BAs, the scattering matrix
isusedtofinely determine the transitions between each pair of phonon
modes. The scattering matrix is derived by quantum perturbation the-
ory, considering three- and four-phonon anharmonic scatterings and
isotope scatterings”'>?, The scattering matrix is derived on18 x 18 x 18
Monkhorst-Pack grids for k points, with IFCs determined by a
first-principles approach based on density functional theory. We initial-
ize the phonons with radial positions determined by Gaussian distribu-
tion, with a heater diameter of 5 nm. The phonon dynamics are then
simulated to determine the evolution of temperature and heat flux
fields®. Timeintegration isemployed to obtain the results at steady state.
To compute the directional thermal conductance, the heater tempera-
ture and the directional heat flux are sampled, with the latter taken at
various radial positions using amesh of 720,000 grids on the azimuthal
angle. The spatial distribution of temperature is sampled using a
mesh of 360 grids on the azimuthal angle and a radial step of 10 nm.
Further analysis was conducted to evaluate the effects of various
conditions on phonon transport. The spatial distribution of heat
conductance under phonon focusing, obtained from first-principles
Boltzmann transport simulations, is shown in Fig. 3d. Using the
calibrated temperature-Raman intensity relationship, the tempera-
ture distributions corresponding to the experimentally observed
phonon-focusing patterns were reconstructed, and are plotted with
simulation results in Extended Data Fig. 5. To assess surface effects,
bothspecularand diffuse boundary scattering conditions were exam-
inedin the transport modelling, as presented in Extended Data Fig. 6.
The influence of crystal defects on phonon focusing was also quanti-
tatively evaluated and is shown in Extended Data Fig. 7. To examine
the uncertainty of the calculated temperature, we performed a con-
vergencetest,as shownin Extended Data Fig. 8. The converged heater
temperatures are plotted as afunction of the number of sampling parti-
cles, witherror barsrepresenting the standard deviation from 20 inde-
pendent simulation runs. Theresults show that the heater temperature

convergesrapidly, with the uncertainty falling below 0.09 Kwhen the
number of sampling particles exceeds 108, This confirms that numerical
uncertainties in the theoretical results are negligibly small relative to
the observed transport phenomena.

Phonon properties of BAs compared with other materials

As shown in Extended Data Fig. 9, the spectral phonon propagation
lengths were calculated using first-principles theory. The results for
BAs show long propagation lengths across nearly all phonon modes
at room temperature. Additionally, Extended Data Fig. 10 presents
the mode-dependent phonon scattering rates of BAs alongside those
of diamond and cubicboronnitride, further illustrating the ultraweak
phonon scattering behaviour of BAs.

Data availability
All data are available from the corresponding author upon
reasonable request.

Code availability
The code that supports the findings of this study is available from the
corresponding author upon reasonable request.
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Extended Data Fig. 1| Reproducibility of temperature-dependent Raman calibration. Raman intensity measured as a function of temperature for tenindependent
samples, showing consistent temperature-dependent Raman response.
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Extended Data Fig. 2| Long-term stability test of the samples. Raman spectra collected over 30 days show negligible changes in the characteristic Raman peak,
confirming sample stability for the experiments.
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Extended Data Fig. 3 | Experimental measurements on different BAs samples.
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the standard deviation across the three samples.
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Extended Data Fig. 4| Experimental measurements demonstrating nanoscale resolution. a, Two-dimensional temperature imaging reveals nanoscale features,
exemplified by the dashed line. b, One-dimensional profiles measured at different locations, showing nanoscale detection resolution.
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Extended DataFig. 5| Position-dependent data from experimental measurements and theoretical calculations. a, Data extracted along a phonon focusing ray.
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Extended Data Fig. 7| Phonon transport evaluated as a function of varying vacancy defect concentrations. a-d, The colour scale denotes temperature normalized
to the value at a point 30 nm from the heater center along the horizontal axis. The mapped region spans 600 nm x 600 nm.
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Extended Data Fig. 10 | Mode-dependent phonon scattering rates. Calculated phonon scattering rates are compared among BAs, diamond and cubic boron nitride
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