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Observation of superdiffusive phonon transport in
aligned atomic chains
Lin Yang1, Yi Tao1,2, Yanglin Zhu3, Manira Akter4, Ke Wang5, Zhiliang Pan 1, Yang Zhao1, Qian Zhang1,
Ya-Qiong Xu6,7, Renkun Chen 8, Terry T. Xu4, Yunfei Chen 2, Zhiqiang Mao 3 and Deyu Li 1 ✉
Fascinating phenomena can occur as charge and/or energy
carriers are confined in one dimension1–4. One such example
is the divergent thermal conductivity (κ) of one-dimensional
lattices, even in the presence of anharmonic interatomic
interactions—a direct consequence of the Fermi–Pasta–Ulam–
Tsingou paradox proposed in 19555. This length dependence
of κ, also known as superdiffusive phonon transport, presents a classical anomaly of continued interest6–9. So far the
concept has remained purely theoretical, because isolated
single atomic chains of sufficient length have been experimentally unattainable. Here we report on the observation of
a length-dependent κ extending over 42.5 µm at room temperature for ultrathin van der Waals crystal NbSe3 nanowires.
We found that κ follows a 1/3 power law with wire length,
which provides experimental evidence pointing towards
superdiffusive phonon transport. Contrary to the classical
size effect due to phonon-boundary scattering, the observed
κ shows a 25-fold enhancement as the characteristic size of
the nanowires decreases from 26 to 6.8 nm while displaying
a normal–superdiffusive transition. Our analysis indicates
that these intriguing observations stem from the transport of
one-dimensional phonons excited as a result of elastic stiffening with a fivefold enhancement of Young’s modulus. The persistent divergent trend of the observed thermal conductivity
with sample length reveals a real possibility of creating novel
van der Waals crystal-based thermal superconductors with κ
values higher than those of any known materials.
Macroscopically diffusive heat conduction is described by the
phenomenological Fourier’s law, linking the heat flux J to the temperature gradient ∇T as J = −κ∇T, where κ is a material-intrinsic
property. However, the Fermi–Pasta–Ulam–Tsingou paradox indicates a recurrence of phonon modes in one-dimensional (1D) lattices5, and the extremely slow decay of heat flux correlation leads to
a divergent κ, ~Lβ (β is a constant and 0 < β < 1), with the system size
defined by its linear dimension, L. This phenomenon is also referred
to as superdiffusive thermal transport6–8. To date, the actual value of
β, a key factor in elucidating the chaotic dynamics in 1D systems, is
still under debate6–12.
Several attempts have been made with the hope of recapturing the predicted superdiffusive nature of 1D phonons through
exploring thermal transport in single-walled carbon nanotubes
(SWCNTs)13,14. However, it has been shown that the measured κ

becomes saturated as the tube length increases to ~10 μm (ref. 13);
although one recent study claimed observation of divergent κ for
SWCNTs14, different β values are shown for different tubes without
a physical ground, and questions have been raised about potential
errors in the measurements15,16. Notably, thermal conductance measurements on self-assembled monolayers of alkane chains yield a 1/3
power law dependence with length, which is, however, due to the
altered phonon transmission probability between the alkane chains
and the thermal reservoirs4, and in fact, thermal transport for the
measured short chain length (<2.8 nm) lies in the ballistic regime2,4.
Also, recent thermal conductivity measurements on graphene demonstrate a logarithmic length dependence, consistent with the predicted superdiffusive phonon transport in two-dimensional (2D)
lattices17. However, the measured maximum sample length is only
~9 μm, still within the range of length dependence for the thermal conductivity of bulk graphite (~10 µm)18. Meanwhile, abnormal thermal transport has been predicted in <3-nm-diameter
nanowires without experimental validation19. This situation is
especially frustrating as the key features of electronic devices are
reaching down to 3 nm, which calls for experimental evidence of
anomalous thermal transport in ultrathin nanowires for precise
thermal management20.
As shown in Fig. 1a,b, NbSe3 is composed of molecular chains of
selenium trigonal prisms with niobium atoms residing at the centre21,22. Covalently bonded 1D molecular chains assemble together
via van der Waals interactions to form NbSe3 nanowires, which are
promising objects for revealing 1D properties21,22. High-resolution
transmission electron microscopy (TEM) study has verified the
single crystalline nature of ultrathin NbSe3 nanowires (Fig. 1e),
and all NbSe3 nanowires prepared using the liquid exfoliation
method are confirmed to be oriented along the intra-chain b axis
(Supplementary Fig. 1). The characteristic size of our nanowires is
denoted by their hydraulic diameters (Dh), four times the reciprocal
of the surface-area-to-volume ratio, which better reflects the classical size effect (Supplementary Note 1).
The electrical and thermal conductivities of the NbSe3 nanowires
were measured using a microthermal bridge approach22–24. Figure
1c,d shows a schematic drawing and a scanning electron microscopy
(SEM) image of a nanowire placed between two suspended SiNx
membranes with integrated Pt heaters/resistance-thermometers
and extra electrodes. In the measurements, we adopted a
Wheatstone-bridge-based differential scheme to effectively cancel
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Fig. 1 | Crystalline structure of NbSe3 and experimental set-up for thermal/electrical measurements. a, Schematic showing the stacking of the prisms
in NbSe3. b, A projection of the crystal structure perpendicular to the b axis. I, II and III denote three types of chain in the unit cell. c, Schematic of the
measurement device. d, SEM micrograph showing a nanowire on the device. e, A high-resolution TEM image of an ultrathin NbSe3 nanowire.

the correlated temperature fluctuation to reduce the noise equivalent temperature24. A temperature resolution of ~4 mK was achieved,
allowing for detection of thermal conductance (G) with a resolution of ~36 pW K–1, ~1/5 of the lowest G of all measured samples
(Supplementary Note 3).
Figure 2a plots the measured room temperature κ versus Dh, with
all nanowires having suspended lengths of ~15 μm. Interestingly,
the data indicate a clear transition at Dh = 26 nm. For thicker wires,
κ decreases as Dh decreases, as a result of the boundary scattering of
three-dimensional (3D) phonons at nanowire surfaces22; however,
as Dh drops further, κ demonstrates a steep upward trend. In fact,
compared to the moderate reduction from 7.1 to 4.3 W m−1 K−1 as
Dh decreases from 135 to 26 nm, κ increases by ~25-fold and reaches
109 W m−1 K−1 for a 6.8-nm-diameter wire.
Since bulk NbSe3 is a metallic compound, to understand the
underlying mechanism for the observed transition, we first evaluate the electronic contribution to κ. The electrical resistance of
NbSe3 nanowires was measured using the four-probe method
(Supplementary Note 7). Based on the measured electrical resistivity, we can estimate the electronic thermal conductivity, κe, using
the Wiedemann–Franz law with the Lorenz number taking the
Sommerfeld value, which is a good approximation for NbSe3 (ref.
22
). We find the electrons contribute to 42% of the total κ for the
NbSe3 nanowire with Dh = 24 nm at 300 K. However, κe drops rapidly
as Dh decreases, and for Dh = 10.8 nm, the electronic contribution is
merely 3% (Supplementary Fig. 11). As such, phonons are responsible for the drastically enhanced κ of ultrathin wires.
The intriguing size dependence prompts us to examine the
length dependence of κ, through measuring the same nanowire
with different suspended lengths (Supplementary Note 8). Figure
2b plots the normalized room temperature thermal conductivity, κ*,
versus the normalized suspended length, L*, both with respect to
the values for the respective longest samples, for eight nanowires
of different Dh. For meaningful comparison, the maximum length
in Fig. 2b is kept at ~15 μm (14.2–16.3 μm). Interestingly, for wires
with large Dh, κ first increases with L from ~2 to ~6 μm, and then
increases only marginally as L further increases, indicating that κ
converges to a saturated value during the ballistic to diffusive transition as the wire length exceeds the phonon mean free path. However,
as Dh decreases to below 26 nm, κ exhibits a much stronger length
dependence even for L > 6 μm, suggesting a transition from diffusive to anomalous transport in the length dependence. To further
explore the length dependence, we measured thinner samples with
much longer suspended lengths. Figure 2c illustrates the measured κ

versus L, which indicates that for nanowires with Dh in the range
of 10.6 to 12.3 nm, the length dependence extends beyond 40 μm at
300 K, which is larger than the previously reported 8.3 µm for SiGe
wires25, ~10 µm for SWCNTs13, ~13 µm for Ta2Pd3Se8 wires26 and
~15 µm for a 25-nm-diameter GaP nanowire27.
Importantly, the data in Fig. 2c indicate that in the length range
of 6.5 to 42.5 µm, the measured κ follows a trend of κ ∝ Lβ, with a
constant β of 1/3. For phonons as major heat carriers, a divergent
κ originates from either (1) substantial ballistic phonon transport
or (2) phonon scattering mainly through normal process with
conserved momentum. Partially ballistic transport, while renders
a length dependence of κ, does not follow a trend of κ ∝ Lβ with a
constant β over a large size range and would converge to a constant
κ at large L, as evidenced by the thicker wires in Fig. 2b. Instead,
both numerical simulations and mode coupling analyses predicted
a universal κ ∝ L1/3 divergence law for 1D nonlinear lattices at the
long chain limit7,11,12 (Supplementary Note 8).
To further confirm the superdiffusive transport, we also plot
the measured κ at 100 K in Fig. 2c, which again follows the trend of
κ ∝ L1/3 in the same length range. If partially ballistic phonon transport was responsible for the observed length dependence, a steeper
slope would exist at 100 K as the phonon mean free path is larger at
lower temperature28. Thus, the consistent power law dependence at
the very different T values of 100 and 300 K strongly suggests that
the length dependence in the range of 6.5 to 42.5 µm is due to superdiffusive behaviour of 1D phonons. Note that a deviation from the
1/3 power law is shown for the measured results at 30 K, which is
because at 30 K, 3D phonon modes, that is, both intra-chain and
inter-chain phonons, make an important contribution to thermal
transport, as discussed below. Therefore, no 1/3 power law length
dependence is expected.
The excitation of 1D phonons in the ultrathin nanowires is
also supported by a transition in the temperature dependence of
κ, as shown in Fig. 2d. For wires with Dh > 26 nm (lower panel), κ
decreases as T increases in the range of 50–300 K, a signature of
Umklapp scattering. However, as Dh further decreases to below
26 nm (upper panel), κ starts to display an increasing trend in this
high temperature regime, and a linear T dependence is observed
for the measured κ of a 6.8 nm wire. This is drastically different
from the T−2 dependence for the measured κ of SWCNTs, where
Umklapp scattering dominates phonon transport29.
The transition to positive temperature dependence cannot be
explained by changes in phonon mean free path (l) or group velocity
(v). As such, it must be due to the altered temperature dependence
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Fig. 2 | Divergent and superdiffusive transport of 1D phonons. a, Measured room temperature κ versus Dh. The grey solid line is a guide for the eyes. The
error bars represent uncertainties calculated based on measurement errors in thermal conductance, nanowire length and cross-section (Supplementary
Note 5). Inset: AFM scanning profile of the nanowire with Dh = 6.8 nm. b, Normalized room temperature κ versus the normalized suspended length, which
indicates a normal–superdiffusive transition as the wire diameter decreases. c, Measured κ values versus suspended length at different temperatures (100
and 300 K) display a 1/3 power-law divergence. The black lines are used to connect the measured thermal conductivity data for the same sample. Note
that the deviation from the 1/3 power law at 30 K is because at this temperature, the transport is not 1D phonon dominant. d, Temperature dependence of
κ for different diameter wires (the suspended lengths are ~15 μm for all samples). α in the top panel is a constant. The measured κ for the thickest NbSe3
nanowire (135 nm) demonstrates an ~T−0.27 dependence from 170 to 300 K, signifying the importance of Umklapp scattering. Thermal conductivity data for
the three larger wires (135, 103, 61 nm) in the bottom panel are from ref. 22.

of heat capacity (C) according to κ ∼ Cvl. This transition suggests
that for ultrathin wires, the excited phonon modes must be different from those in thicker wires. The increasing κ with temperature
suggests that more 1D phonon modes along the molecular chain
are continuously populated, which can occur only if the Debye
temperature, θD, shifts to a higher
√ value. The θD of bulk NbSe3 is
~200 K (ref. 22), and since θ D ∝ E (ref. 30), a higher θD implies an
enhanced Young’s modulus (E), a phenomenon known as elastic
stiffening that occurs in various nanowires31,32.
To verify our hypothesis, we measured E of individual nanowires along the axial direction, that is, the b direction, using a
three-point bending scheme with an atomic force microscope
(AFM). E can be extracted from the force–deflection curve (Fig.
3a) recorded during the extension and retraction process in the
bending test (Supplementary Note 9). Figure 3b shows that for
wires with Dh > 40 nm, E remains constant, and the average value of
E = 86 GPa is consistent with the reported bulk value33. However, E
increases sharply as Dh decreases below 26 nm, reaching 423 GPa for
Dh = 8.9 nm, which represents a fivefold enhancement with respect
766

to Young’s modulus of the bulk, Ebulk. Even though elastic stiffening
has been observed in various nanowires31,32, the observed value here
represents about threefold more E enhancement as compared to the
up to 100% enhancement for ZnO (ref. 31) and Ag (ref. 32) nanowires.
Elastic stiffening can influence the lattice thermal conductivity
(κl) in several ways. First, the enhanced E corresponds to a higher
speed of sound, which is directly proportional to κl. In addition, the
higher θD shifts the phonon spectrum to lower wave vectors at any
given T, and enlarges the bandgap between acoustic and optical
phonons; both contribute to a reduced Umklapp scattering rate34–36.
These factors all help boost κl, leading to the ~25-fold κ enhancement. It is a surprise, however, that so far no experimental data or
numerical results have been reported to show the effects of elastic stiffening on phonon transport. As such, we modelled the κl of
bulk NbSe3 with different interatomic force constants by combining first-principles calculations and the Boltzmann transport equation37,38 (Supplementary Note 10). In modelling bulk NbSe3, the
effect of phonon-boundary scattering is neglected; this is reasonable
because in ultrathin NbSe3 wires, 1D phonons along the molecular
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Fig. 3 | Elastic stiffening and normal–scattering-dominated phonon transport. a, Force–deflection curves in the bending test, together with the fitting
curve. Inset: schematic for the bending test. b, Measured E versus Dh, where the average bulk value is plotted as a dashed line. Inset: a SEM image of a
NbSe3 nanowire on top of a Si trench with electron-beam-induced deposition (EBID) of Pt at the two edges. The error bars represent Young’s modulus
uncertainties calculated based on measurement errors in the AFM cantilever spring constant, nanowire length and cross-section determined as the
standard deviation from five measurements. c, The modelled lattice thermal conductivity κl (black line) and the experimental data (red squares) show the
same trend as E increases. The κl of bulk NbSe3 with different interatomic force constants (shown as the cartoon in the inset) is modelled by combining
first-principles calculations and the Boltzmann transport equation. The error bars in κ represent uncertainties calculated based on measurement errors
in thermal conductance, nanowire length and cross-section, where the error for thermal conductance is estimated following a Monte Carlo method, and
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chains dominate the transport process at elevated temperatures, and
phonon-boundary scattering plays a marginal role. Indeed, through
enhancing the interatomic force constants by six times, the modelled κl increases from 7.1 to 106.8 W m−1 K−1 at 300 K, displaying
the same trend as our experimental results (Fig. 3c).
Moreover, from the calculated phonon dispersion with
E/Ebulk = 6, the cut-off frequency, fc, for acoustic phonon modes
along the cross-chain direction is ~1.5 THz. By contrast, the fc value
of along-chain acoustic phonons is ~6.5 THz (Supplementary Note
10). According to fc = kB T/2πh̄, where kB and ћ are the Boltzmann
and Planck constants, respectively, along-chain acoustic phonons can be continuously activated as T ramps up to 312 K, while
cross-chain phonon modes are fully excited at 72 K. These are all
reflected in our measured results. First, as shown in Fig. 2c, both

inter-chain and intra-chain phonons contribute to κl at 30 K; in this
case, the length dependence deviates from the L1/3 law. Moreover,
the continuous excitation of high-frequency 1D phonon modes in
ultrathin nanowires results in increasing C with temperature, which
explains the observed positive temperature dependence in the high
T regime in Fig. 2d.
To demonstrate the altered phonon scattering process, we calculated phonon-mode-dependent scattering rates, and separated contributions from normal and Umklapp scattering as the interatomic
force constant increases (Supplementary Note 10)39. Note that a
large fraction of Umklapp scattering occurs through the acoustic + acoustic → optical process40, which becomes more difficult in
ultrathin wires as the phonon spectrum shifts to lower wave vectors and the bandgap increases, that is, phonon hardening effects

NatUre Nanotechnology | VOL 16 | July 2021 | 764–768 | www.nature.com/naturenanotechnology

767

Letters

Nature Nanotechnology

occur. As shown in Fig. 3d, this reduced scattering phase space
upon elastic stiffening greatly suppresses the overall three-phonon
scattering rate; and moreover, normal scattering becomes more
dominant for E/Ebulk = 6. In fact, Fig. 3e indicates that the normal scattering strength is nearly one order of magnitude stronger
than that of Umklapp scattering. Due to phonon hardening, the
momentum-conserved normal scattering becomes the dominant
scattering process for the along-chain 1D phonons, which results
in superdiffusive thermal transport for ultrathin NbSe3 nanowires.
We have shown experimental evidence of the transition from 3D
to 1D phonon transport in NbSe3 nanowires of <26 nm in diameter. Exotic features such as superdiffusive thermal transport with
κ ∝ L1/3, 25-fold κ enhancement and a normal–superdiffusive transition are observed. These changes are attributed to drastic elastic
stiffening along the molecular chain direction, which induces 1D
along-chain phonons dominating thermal transport. The behaviour
we show of a divergent κ in van der Waals crystal nanowires, even
with perturbations from inter-chain interactions for 1D along-chain
phonons, calls for a re-examination of the conditions for superdiffusive transport. The drastically enhanced κ also promises novel
approaches to manipulate phonon transport and create thermal superconductors for functional thermal devices and efficient
heat dissipation.
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Sample preparation for NbSe3 nanowires. Bulk NbSe3 crystals were synthesized
using a chemical vapour transport method as previously described22. Owing to
the greatly anisotropic bonding nature, the NbSe3 crystals have two easy cleavages:
one parallel to the b–c plane and the other parallel to the a–b plane. To obtain
thin NbSe3 nanowires, bulk single-crystal whiskers were immersed in reagent
alcohol and sonicated for 3 h, which resulted in a suspension of nanowires with
various cross-sectional sizes. As shown in the high-resolution TEM image (Fig.
1e), the obtained NbSe3 nanowires demonstrate well-aligned molecular chains of
a single crystalline nature. We drop-cast the suspension mixture onto a piece of
polydimethylsiloxane and transferred individual nanowires to the microdevice
with a micromanipulator for subsequent transport properties measurements.
The uniformity of the cross-section along the axial direction of the nanowires
was confirmed with cross-section examination using SEM and an AFM
(Supplementary Note 2).

tune process. By moving and tapping the cantilever until touching the edges of
the trench, we can locate its middle point. We then performed the bending test by
pushing at the middle point to obtain a force–deflection curve, as shown in Fig.
3a. The bending tests were repeated three times for each sample with reproducible
results. Young’s modulus of the sample was then extracted through fitting the
force–deflection curve using a theoretical model of a suspended elastic string with
fixed ends (Supplementary Note 9).

Data availability

Data are available from figshare at https://doi.org/10.6084/m9.figshare.14055413.

Code availability

The code that has been used for this work is available from the corresponding
author on request.

Thermal and electrical conductivity measurement. We conducted the thermal
and electrical measurements in a cryostat (Janis CCS-400/204) operated under
a high vacuum (<1 × 10−6 mbar) with a dual radiation shield configuration. For
electrical resistance measurements, electron-beam-induced deposition of the Pt/C
composite was performed at the contacts between the nanowire and Pt electrodes
using a dual-beam system (focused ion beam and SEM, FEI Helios NanoLab G3)
to establish good electrical contacts and minimize the contact thermal resistance
(Supplementary Notes 6 and 7). Before thermal conductivity measurements at
each designated temperature point, we measured the electrical resistance of NbSe3
nanowire samples using the four-probe method (Supplementary Note 7). To
exclude the effects from charge density wave sliding, we made sure the applied
electric field was much smaller than the depinning threshold electrical field, and
that the obtained current−voltage curve maintained a linear profile.
For thermal conductivity measurements, a Wheatstone bridge scheme was
applied at the sensing side to improve measurement sensitivity. The background
thermal conductance between the suspended membranes was measured separately
and subtracted from the measured thermal conductance of the sample. To
evaluate the thermal and electrical conductivity, we obtained the cross-sectional
area of tested samples by cutting open the cross-section using a high ion current
(Supplementary Notes 1 and 2). We have confirmed that the contact thermal
resistance poses negligible effects on the measured total thermal resistance, and
the detailed examination on the effects of contact thermal resistance can be found
in Supplementary Note 6. In addition, radiation heat loss from the nanowire to the
surroundings was confirmed to be negligible (Supplementary Note 4).
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