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Sound and heat revolutions in phononics
Martin Maldovan1,2

The phonon is the physical particle representing mechanical vibration and is responsible for the transmission of
everyday sound and heat. Understanding and controlling the phononic properties of materials provides opportunities
to thermally insulate buildings, reduce environmental noise, transform waste heat into electricity and develop
earthquake protection. Here I review recent progress and the development of new ideas and devices that make use of
phononic properties to control both sound and heat. Advances in sonic and thermal diodes, optomechanical crystals,
acoustic and thermal cloaking, hypersonic phononic crystals, thermoelectrics, and thermocrystals herald the next
technological revolution in phononics.

I n recent decades, major technological revolutions have transformed
our society and daily lives. Their remarkable innovations have been
based primarily on our improved ability to manipulate two particles:

electrons and photons. In particular, the control of electrons in semi-
conductor materials has generated fundamental changes, with laptops,
mobile telephones and digital cameras now products that seem always to
have existed. Analogously, the development of materials and devices
with which to control photons has generated major changes in society,
such as wireless communication and the use of optical fibres and micro-
waves. The successful management of the electromagnetic spectrum is
demonstrated by the wide range of frequencies controlled in electro-
magnetic devices, which extends over 14 orders of magnitude, ranging
from positron emission tomography (PET) scanning at frequency
f < 1020 Hz to amplitude-modulation (AM) radios at f < 106 Hz.

Besides electrons and photons, another everyday particle is the phonon,
which is responsible for the transmission of sound and heat. Given the
many applications of our remarkable success in managing electrons and
photons, it would be valuable to achieve a similar degree of control over
the particle that accounts for both sound and heat (Fig. 1). Although some
sonic and thermal devices and materials, such as medical ultrasound
imaging machines and thermal insulation materials, are well known,
further applications for phononic devices are developing fast, from thin
acoustic metamaterials that can soundproof rooms to enhanced ther-
moelectric devices that can use our bodies’ waste heat to power portable
electronic devices.

In this review, I provide insights on newly developed phononic materials
and devices that have recently been shown to have remarkable physical
properties—making it possible to manipulate sound and heat with unpre-
cedented precision. I begin with a classical description of small-scale
phononic crystals, followed by recent progress on unidirectional sound
transmission in acoustic diodes—analogous to electronic diodes—and
new developments on acoustic cloaking using metamaterials. I examine

novel interactions between sound and light in resonant cavities, and
discuss new advances in thermal diodes and thermal metamaterials. I
also provide an overview on thermoelectric materials (which convert heat
into electricity) and discuss novel thermocrystals, which treat heat like
sound and bring phonon management to the boundary zone between
sound and heat. These recent ideas and concepts have improved our
ability to manage the phononic spectrum, providing exciting opportun-
ities to develop a large variety of devices that can control sound and heat.

Hypersound and heat control by phononic crystals
Sound and heat can both be described as mechanical vibrations trans-
mitted through the atomic lattice. One difference between them, how-
ever, is that most sound waves oscillate at low frequencies (kilohertz)
and propagate over large distances, whereas most heat vibrations oscil-
late at high frequencies (terahertz) and travel small distances. These
different features lead scientists and engineers to employ different strat-
egies to control sound and heat propagation. Essentially, macroscale and
microstructured materials are able to manipulate sound and hypersound
(very high-frequency sound, with f < 1 GHz) frequencies, whereas to
control heat, nanostructures are generally required. The development
of sonic and thermal devices thus requires the design, fabrication and
characterization of composite materials ranging from the centimetre
scale to the nanometre scale.

Over the past two decades, the propagation of sound waves with
frequencies in the range from kilohertz to megahertz has been efficiently
controlled by phononic crystals—artificial periodic structures made of
two elastic materials1,2 (Fig. 2). Although these structures were initially
designed to control sound, in recent years small-scale phononic crystals
have been successfully used to control hypersound and heat. In phono-
nic crystals, mechanical waves with frequencies within a specific range
are not allowed to propagate within the periodic structure. This forbid-
den frequency range—the ‘phononic bandgap’ (PBG)—allows sound to
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Figure 1 | The phononic spectrum.
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be controlled in many useful ways in structures that can act as sonic filters,
isolators, waveguides or resonant cavities. Owing to wave interference
effects, PBGs occur for phonon wavelengths l that are comparable to the
structure periodicity a (Fig. 2). For experimental convenience, a large
number of phononic crystals have been fabricated at macroscopic scales
(a < 10 cm–1 mm) to control sound of frequency f < 103 Hz and ultra-
sound of f < 106 Hz (refs 3–7), finding promising applications in acous-
tics, medical diagnosis and remote sensing. In recent years, however, the
challenge has been to fabricate phononic crystals having small periodici-
ties a , 1 mm, to control high-frequency (f < 109–1012 Hz) phonons8–11.
Given that the periodicity of small-scale (a < 1 mm) phononic crystals
can be comparable to the wavelengths of light, these crystals can provide
bandgaps for both hypersound and light, suggesting new mechanisms
with which to enhance phonon–photon interactions12. By additionally
reducing the periodicity to the nanometre scale, the applications of small-
scale phononic crystals can be extended from sound to heat, because
PBGs could in principle exist in the terahertz regime. As shown later,
however, this reasoning requires a more precise analysis owing to the
different characteristics of sound and heat transfer.

A small-scale phononic crystal for hypersound frequencies f < 1 GHz
has been fabricated using interference lithography8. This technique pro-
vides single-crystalline periodic structures by transferring a laser inten-
sity pattern into a photosensitive material. The phononic crystal consists
of a triangular array of air holes in an epoxy matrix, with lattice periodicity
a 5 1.36mm (Fig. 2c). To characterize the phonon modes, Brillouin light
scattering is employed, which provides complete phononic band dia-
grams for the dispersion relation for phonon modes propagating within
the crystal (Fig. 2). Other small-scale phononic crystals were constructed
by self-assembling single-crystalline colloidal films of polystyrene spheres
into a face-centred-cubic lattice9. The small size of the spheres used
(d 5 256 nm) guarantees operation in the hypersonic frequency range.
By employing Brillouin light scattering to map the dispersion relation
of longitudinal phonons, a hypersonic (gigahertz frequency) PBG was
measured. The significance of these small-scale architectures is that, in
addition to providing simultaneous gaps for hypersound and light, they
greatly extend the use of phononic crystals from sonic and ultrasonic
frequencies to the hypersonic regime8–10. This increases the range of pho-
nonic frequencies that can be controlled by three orders of magnitude.

More recently, a state-of-the-art nanometre-scale phononic crystal
was fabricated by transferring the patterns of two intersecting arrays of
platinum nanowires into a silicon epilayer (Fig. 2c)11. The phononic

‘nanomesh’ consists of a square-lattice silicon matrix of air holes, with
a 5 34 nm. The key feature of this structure is that it reduces the thermal
conductivity of bulk silicon by almost two orders of magnitude. Heat in
silicon is mostly carried by phonons with 1012 Hz frequencies, so this
demonstrates that reducing the size of phononic crystals to the nano-
metre scale can modify and control the propagation of high-frequency
phonons, extending the applications of phononic crystals from sound
to heat11. As I explain below, however, the mechanism behind the reduc-
tion of the thermal conductivity is not based on coherent interference
and PBGs—as in classical phononic crystals—but is mainly due to the
diffuse scattering of phonons at interfaces.

With the recent progress in synthesis and characterization of small-
scale materials, it is now possible to fabricate phononic crystals with
periodicities ranging from centimetres to nanometres3–11. These advances
have significantly increased the ability to manage the phonon spectrum,
where the frequencies that can now be controlled extend from 103 Hz to
1012 Hz, a range of nine orders of magnitude. As I show in this review, the
wide range of control over phonon frequencies—comparable to the wide
range of control over electromagnetic frequencies—allows the realization
of many exciting devices that can manipulate phonons at all relevant
frequencies: sound, ultrasound, hypersound and heat.

Acoustic diodes
In electronics, a diode is a well-known device that allows electrical current
to pass in one direction but not in the opposite direction. This funda-
mental principle—which led to a revolution in electronics—has recently
been demonstrated for sound waves13–15. The development of the acoustic
counterpart of the electronic diode opens up exciting opportunities for
novel applications in different research areas ranging from biomedical
ultrasound imaging to environmental noise reduction.

A sonic diode showing unidirectional transmission was constructed
using a one-dimensional (1D) phononic crystal made of alternating
layers of glass and water coupled to a nonlinear acoustic medium13,14

(Fig. 3a). A sound wave incident from the left, with frequency v inside
the PBG, is partially converted within the nonlinear medium to a sec-
ondary wave with frequency 2v. Because v lies in the PBG, the original
wave is reflected backwards, but the secondary wave with frequency 2v
outside the PBG can freely pass through the structure (Fig. 3a). On the
other hand, if the sound wave is incident from the right, the wave is
completely reflected in the backward direction because v lies inside the
PBG. As a result, a sound wave with frequency v can pass through the
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Figure 2 | Phononic crystals. a, 1D,
2D and 3D phononic crystals made
of two different elastic materials
arranged periodically. Different
colours represent materials with
different elastic properties. b, An
example of a phononic band diagram
v 5 v(k) for a two-dimensional
phononic crystal, in which
non-dimensional frequencies
va/2pcT (with cT a transverse
velocity) are plotted versus the
wavevector k along the C–X–M–C
path in the square Brillouin zone.
The range of forbidden frequencies,
or PBG, is shown in orange. c, 2D
phononic crystals with periodicities a
in the centimetre range (left), the
micrometre range (middle) and the
tens-of-nanometres range (right) can
be used to control sound, hypersound
and heat, respectively. Images are
taken from fig. 1 of ref. 3 (left image,
with permission), fig. 1a of ref. 8
(middle image) and fig. 1b of ref. 11
(right image, with permission).
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system only along the forward direction, providing unidirectional sound
transmission. In experiments14, the layers were about 1 mm thick, allow-
ing the diode to operate at ultrasound frequencies in the megahertz range.

An even more interesting approach using linear materials has been
introduced by means of a two-dimensional (2D) phononic crystal made
of a square lattice of steel rods in contact with a diffraction structure16

(Fig. 3b). The critical feature in this diode is that one of the external
surfaces is ‘smooth’ while the other is ‘rough’. Waves incident on the
smooth surface (reverse direction) with frequencies v inside the PBG
(,10 kHz) are reflected backwards because they fall into the forbidden
frequency range. In contrast, waves incident on the rough surface (for-
ward direction) can pass through partially. Because the outgoing waves
in the forward direction are not parallel to the incident waves, the acoustic
energy is converted through high-order diffractions to other modes with
different spatial frequencies to overcome the barrier imposed by the
PBG16. The main advantage of the linear acoustic diode is that sound
waves do not change their frequencies as they pass through the structure.
Also, its easy fabrication method opens up opportunities for on-chip
planar acoustic circuits with applications in logical sound processing.

Sound rectification has also been demonstrated in 1D granular crystals17

consisting of a chain of steel spheres interacting nonlinearly (Fig. 3c).
This system allows wave propagation for frequencies lower than a certain
cut-off vC. When a defect sphere is added, a localized mode with fre-
quency vD . vC is created around the defect. An incident wave with
v . vC, and below vD, along the reverse direction (right to left) cannot
propagate through the crystal because of the PBG. However, if moving
along the forward direction (left to right), a wave with frequency v—
having low amplitude—does not pass through but excites the vibrational
mode localized around the defect sphere. If the wave’s amplitude is
increased, its acoustic energy is converted to modes with frequencies
outside the gap (v , vC) that can freely pass through the structure,
generating unidirectional transmission.

The experimental realizations of acoustic diodes, providing unidir-
ectional sound transmission, are major steps towards complex acoustic
devices that could greatly increase the efficiency of ultrasound medical

systems, non-destructive testing and environmental noise control. Like
its electric counterpart, the sonic diode may produce unexpected con-
sequences, in acoustics rather than electronics.

Acoustic invisibility cloaks by metamaterials
Another exciting and novel opportunity to control sound waves involves
the design and fabrication of acoustic cloaking shells. The basic idea is to
use a shell to guide acoustic waves around a certain object such that the
object inside the shell becomes ‘invisible’ (undetectable by sound waves)
(Fig. 4a). Although cloaking devices were initially introduced for elec-
tromagnetic waves18,19, these principles have recently been extended to
sound waves20–33. Essentially, to obtain a cloaking device for acoustic
waves, the cloaking shell surrounding the object must be made of an
engineered artificial material, known as acoustic metamaterial, in which
elastic properties such as mass density and bulk modulus are anisotropic
and spatially dependent.

An acoustic cloaking shell was introduced by considering the simila-
rity between the 2D electromagnetic and acoustic wave equations21. The
cylindrical shell is made of a metamaterial fluid with inhomogeneous
bulk modulus and an anisotropic and inhomogeneous mass density that
redirects pressure waves around the object (Fig. 4a). Cloaking effects have
been extended to three dimensions by noting the isomorphism between
the acoustic wave equation and the electrical conductivity equation22.
Such three-dimensional (3D) cloaks are also obtained by considering
zero scattering effects in the acoustic wave equation23. Because the 2D
and 3D cloaking shells require complex materials, it is challenging to
implement such metamaterials in experiments. Owing to this difficulty,
additional theoretical approaches have been developed in which layered
cylindrical cloaking shells are considered to obtain the required values for
mass density and bulk modulus24–26.

To overcome the difficulty associated with material requirements, an
innovative approach based on the analogy between acoustic elements
and electronic circuits has been employed to design and fabricate a 2D
cylindrical cloak (Fig. 4b)27,28. The basic idea is to convert the acoustic
material to an analogous network of inductors L and capacitors C, where
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Figure 3 | Acoustic diodes. a, An acoustic diode made of a 1D phononic
crystal (alternating layers of glass and water) coupled to a nonlinear acoustic
medium14. A sound wave with frequency v within the PBG can evade the
PBG—and pass through the system—only from left to right (forward
direction), owing to the change of frequency v R 2v in the nonlinear medium.
b, A linear acoustic diode consisting of a 2D phononic crystal (square steel rods
with d 5 4 mm in a square lattice with a 5 7 mm) and a diffraction structure16.

Waves with frequency v within the PBG cannot pass through the structure if
they are incident on the phononic crystal (reverse direction), but they can
propagate if they are incident on the diffraction structure (forward direction).
c, Sound rectification in 1D granular crystals (steel spheres with radius 9.53 mm
and mass 28.84 g)17. A defect sphere creates sound rectification by introducing
localized states with frequencies vD that allow incident waves to evade the PBG
(and pass through) by changing frequencies from v to v9 (forward direction).
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the motion of the fluid is equivalent to the electrical current, and the
mass density and bulk modulus are related to the capacitance C and
inductance L. Using this ‘transmission line’ approach, an aluminium plate
having an array of cavities (acting as acoustic capacitors) connected by
channels (acting as acoustic inductors) was designed to perform as an
acoustic cloak for ultrasound waves (Fig. 4b). The aluminium-based cloak
was placed in a water tank (with an object within the shell) to compare
ultrasound waves around the object with and without the cloak. When
the object is surrounded by the metamaterial cloak, the incoming wave is
restored behind the object with very little distortion, making the cloak
and the object ‘invisible’ to ultrasound waves in water27. This acoustic
cloak—fabricated in the millimetre length scale—operates over a wide
range of ultrasound frequencies (40–80 kHz). A previous cloak, fabricated
at the centimetre scale, but designed for surface waves in a liquid material,
has also provided cloaking effects in the range of 10-Hz frequencies29.

Besides full cloaks in water, an acoustic cloak that works in air, and for
audible frequencies 1–4 kHz, has been designed, fabricated and charac-
terized using acoustic metamaterials30. This cloak, however, is based on a
different technique known as ‘ground cloaking’, because the object to be
made ‘invisible’ is located on a reflecting surface. The object on the
surface is covered with a coating whose metamaterial properties are given
by coordinate transformation acoustic theory. The function of the coat-
ing is to make the object invisible. The metamaterial coating is made of a
stack of planar perforated plastic plates, in which the size (millimetres)
and shapes of the perforations are used to design the acoustic properties
for cloaking. Using a 3-kHz speaker as a sound source, it is shown that the
reflected acoustic field from the ground surface alone and that from the
ground surface and the coated object are essentially identical, thus demon-
strating a new way of cloaking objects from sound waves in air30.

A cloaking shell for elastic waves31, fabricated using a structured
polymer plate, demonstrates that theory and experiments on acoustic
cloaking can be expanded from fluids to solid materials (Fig. 4c)31–33.
The solid cloaking shell consists of 20 concentric rings, each a tailored
composite of polyvinyl chloride (PVC) and polydimethylsiloxane (PDMS)
that allowed the Young’s modulus within the shell to be specified and
cloaking effects to be obtained. To show the cloak in operation, elastic
sound waves were guided through the shell (and around the object to be
concealed) and their movement was recorded using a stroboscopic
imaging technique. For frequencies of 200–400 Hz, the elastic waves can
pass through the cloaking shell and propagate as they would have done
without an obstacle—thus demonstrating acoustic cloaking in solid
materials (Fig. 4d). This cloak is based on a theoretical proposal that
modifies the technique of coordinate transformation of Maxwell’s equa-
tions to create cloaking shells for elastic flexural waves in solids32. Recently,
a theoretical approach for the control of coupled pressure and shear
waves in elastic solids has also been introduced33.

The remarkable progress made in recent years in acoustic cloaking is
evident from the large number of devices designed to hide objects from
sound waves, which include air, water and solid-material platforms. In
analogy with their electromagnetic counterpart, acoustic cloaking and
metamaterials open up new ways to manipulate sound. Such metama-
terials can be used to soundproof studios and buildings, design concert
halls, control environmental noise, make ships invisible to sonar waves,
or even design shields against seismic waves. Metamaterial concepts and
devices bring together different research areas, including cosmology,
physics, materials science and civil engineering.

Enhancing the interaction between sound and light
Interaction between phonons and photons is well known in studies of
Raman spectroscopy and Brillouin scattering processes. Recently, a mecha-
nism involving the simultaneous localization of mechanical and optical
waves by using acoustic and optical cavities has been introduced greatly
to enhance sound and light interactions. This raises the prospect of a new
class of acousto-optical crystal that can integrate the combined manage-
ment of phonons and photons12,34–59.

A 1D crystal showing simultaneous localization of sound and light by
resonant cavities was introduced by constructing an acoustic cavity
within another optical cavity34,35 (Fig. 5a). The optical cavity is made
of AlxGa1 2 xAs and AlAs layers grown by molecular beam epitaxy,
within which a spatially localized optical mode (red) can be created by
introducing a defect layer. Similarly, the acoustic cavity is constructed by
GaAs and AlAs layers, with a defect AlxGa1 2 xAs layer that localizes
sound modes (blue). The key feature of the system is that, owing to their
relatively large wavelengths, photons see the acoustic layered structure
as a homogeneous defect layer. In particular, when an incident laser
photon excites the localized mode in the optical cavity, this mode splits
photoelastically into a localized phonon mode in the acoustic cavity and
a localized Stokes mode in the optical cavity. These localized phonons
and photons leave the cavities by tunnelling through the layers. Measure-
ments of the light spectrum for the outgoing photons clearly show the
energy shift caused by these novel confined acousto-optical interactions34,35.
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Figure 4 | Acoustic cloaking. a, A sound wave incident on a rigid cylinder
surrounded by a cloaking shell. The wave passes through the shell and
propagates as it would have done in the absence of an obstacle. Reproduced
from fig. 2 of ref. 25 with permission. b, A cylindrical acoustic cloak for
ultrasound waves in water. Reproduced from fig. 2a of ref. 27 with permission.
c, Cloaking shell for elastic waves made of concentric cylinders of PVC and
PDMS. The coin diameter is 25.75 mm. Reproduced from fig. 2 of ref. 31 with
permission. d, The measured pressure from a 60-kHz point source for a steel
cylinder (grey) surrounded by the cloaking shell (light-blue coating around the
cylinder) from b, where waves pass largely unperturbed (top). Scale bar, 2.7 cm.
Elastic waves propagating through a cylinder (black) with the cloaking shell (dotted
circular line) from c. The shell avoids disruption of the elastic waves (bottom). Scale
bar, 5 cm. Reproduced from figs 3d and 3b of refs 27 and 31 with permission.
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A different approach, in which sound and light are both localized in
the same cavity, considered the use of periodic structures acting as both
phononic and photonic crystals (Fig. 5b)12. In analogy to phononic
crystals, periodic dielectric structures such as photonic crystals can pre-
cisely control light propagation36–39. An effective mechanism with which
to create non-propagating localized states is the introduction of a defect
in a periodic structure having a frequency bandgap38,39. Although exten-
sive work has been focused on separate architectures for phononics and
photonics, the existence of a PBG does not imply that the structure has a
photonic bandgap and vice versa. These dual-bandgap (or ‘deaf and
blind’) structures have been demonstrated by considering an array of
air cylinders in a silicon matrix (Fig. 5b)12,39. By taking advantage of
simultaneous gaps, a defect is introduced to create a single cavity that
localizes both phonons and photons. In particular, it was indicated that if
the structure periodicity is a < 150 nm, the cavity can co-localize 500-
THz photons and 20-GHz phonons12. The simultaneous confinement of

phonons and photons in a single cavity is suggested greatly to increase
acousto-optical interactions, leading to a different class of planar acousto-
optical devices that can integrate both light and sound management12.

More recently, co-localization and interaction of 200-THz photons
and 2-GHz phonons has been demonstrated40 by the design, fabrication
and characterization of a 1D silicon nanobeam with rectangular air holes
(Fig. 5c). To co-localize optical and mechanical modes at the centre of the
structure, a ‘defect’ is introduced by quadratically—and symmetrically—
decreasing the periodicity from the nanobeam centre. Electric and mech-
anical field distributions for co-localized optical and mechanical modes
are shown in Fig. 5c. In this system, the optical modes are excited by using
a tapered optical fibre that also collects the transmitted light. Mechanical
modes that can couple to optical modes are classified (according to their
increasing frequencies) as ‘pinch’, ‘accordion’ and ‘breathing’. By measuring
their radio-frequency spectrum, the character of these modes is described
by evaluating the phase and amplitude change of the transmitted light.
Importantly, the demonstration of phonon–photon coupling in a planar
‘optomechanical’ crystal allows for new methods of probing, stimulating,
and using mechanical and optical interactions on a chip-scale platform40.

The prospects of manipulating sound and light by co-localization in
periodic crystals have stimulated significant research in recent years.
This includes 1D vertical-cavity crystals41,42, 2D and quasi-2D planar
crystals43–53 and 3D crystals54,55, involving exciting phenomena such as
phoxonic gaps, optomechanical coupling, laser cooling, light modulation,
quantum motion and phonon laser action41–55. In addition, acousto-
optical studies on crystal fibres (which have a solid silica central core
surrounded by a lattice of hollow channels extending axially along its
length) show interesting phenomena caused by the strong confinement
of light and acoustic vibrations56–59. These effects include multi-peak
Brillouin spectra with frequency shifts in the 10-GHz range, as well as
Raman-like nonlinear forward scattering of light with gigahertz phonons58,59.
These results show that separate research areas such as those involving
sound control in phononic crystals and light management in photonic
crystals can be successfully merged into a field of dual phononic–photonic
crystal materials.

Thermal diodes
The experimental realization of materials and devices that can provide
unidirectional transmission of heat is more difficult than in the case of
acoustic diodes. This is because heat is carried by a broad spectrum of
high-frequency (terahertz) phonons, which are difficult to control. Despite
this, novel theoretical and experimental concepts have been introduced
whereby heat can flow only in a particular direction60. A theoretical
thermal diode was proposed by means of two coupled one-dimensional
lattices with particles interacting with each other through nonlinear
sinusoidal potentials (Fig. 6a). In the forward direction (TL . TR), the
broad spectrum of one chain overlaps with that of the other chain, allow-
ing heat to flow through the structure. In the reverse direction (TL , TR),
however, the vibrational frequencies of the lattices do not match and heat
cannot flow through. This match–mismatch of the vibrational modes
gives rise to the unidirectional transmission of thermal energy. Thermal
rectification effects are achieved by carefully considering different strengths
in the potentials of the two segments of the lattice60. This theoretical
model is a simplified version of a previously proposed diode involving
a three-segment 1D nonlinear chain61. In recent years, the thermal diode
concept has been expanded to include the thermal counterparts of the
components of digital electronic circuits—the thermal transistor and
thermal logic gates62,63. However, important material challenges must still
be overcome before their practical realization and use as thermal devices.

In experiments, thermal diodes were fabricated using carbon nano-
tubes and boron nitride nanotubes64. To investigate asymmetric thermal
motion, amorphous C9H16Pt is deposited non-uniformly along the
length of the tubes (Fig. 6b). When the heat flows from the high-mass
region (left) to the low-mass region (right), the measured thermal con-
ductance is higher. Specifically, for carbon nanotubes and boron nitride
nanotubes respectively, the conductance along the nanotube axis is 2%
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ref. 40 with permission.
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and 7% larger than that in the reverse direction. To interpret these
results, it was suggested that boron nitride nanotubes show larger ther-
mal rectification effects owing to their strong ionic bonds, which favour
nonlinear effects. This mechanism has subsequently been theoretically
described by considering a 1D anharmonic lattice with a mass gradient.
In agreement with experiments, this system provides a larger flow of
heat when the heavy-mass end is set at a higher temperature65. The
major impact of the electrical diode in electronic circuits suggests that
highly efficient thermal diodes could have a similar influence in a large
number of systems that require precise heat control, such as nanoelec-
tronic devices and energy-saving buildings.

Thermal metamaterials and heat cloaking
Another interesting idea is to apply the metamaterial methods that are
used for sound manipulation to the management of heat conduction.
This concept has recently been proposed by realizing that mathematical
techniques to transform Maxwell’s equations18,19 can be adapted to the Fourier
heat equation66–70. Controlling heat conduction has always been a difficult
scientific challenge. Using newly designed thermal metamaterials66–70,
however, several striking effects on diffusive heat transfer have been
implemented, offering a new way to manipulate heat flow (Fig. 7).

Thermal metamaterials were introduced by considering a cylindrical
shell that, under a thermal gradient, maintains the inner region at con-
stant temperature, that is, the core is ‘invisible’ to the thermal gradient19,66.
Interestingly, it was also suggested that an inverse thermal flow (or appar-
ent negative thermal conductivity) might be achieved by changing the
geometrical shape of the shell66. These innovative theoretical concepts
have been realized in experiments by constructing a thermal shield made
of alternating concentric cylinders of latex rubber and a silicone elasto-
mer, and placing the shield within an agar–water matrix (Fig. 7a)69. Under
a thermal gradient, a constant temperature profile is obtained in the
shield’s inner region while the temperature profile outside is almost
undistorted. On the other hand, by intentionally arranging the materials
along the radial direction, the shell can act as a thermal concentrator, with
the thermal energy considerably enhanced within the shell and remain-
ing uniform (Fig. 7b). Even more surprisingly, for a spiral arrangement of
the layers in the shell, heat rotates within the composite shell in a spiral
manner such that heat flux (and the thermal gradient) changes its sign

within the inner region of the shell—creating an apparent negative ther-
mal conductivity (Fig. 7c)69.

Thus heat management using metamaterials brings exciting new
techniques with which to manipulate thermal energy. In analogy to
optical and acoustical metamaterials, these offer unprecedented control
of heat conduction.

Nanoscale heat transport and thermoelectrics
An additional important aspect of heat management is the need to reduce
the amount of heat transport to ultralow levels. Materials with low ther-
mal conductivities strongly affect the efficiency of thermoelectrics—
which convert waste heat to electricity and provide an alternative source
of energy for the future. In recent years, different strategies have been
employed to enhance the efficiency of thermoelectrics, which is deter-
mined by the figure of merit ZT 5 S2sT/k, where T is the temperature, S is
the Seebeck coefficient, s is the electrical conductivity and k is the thermal
conductivity. One approach involves the manipulation of the electronic
properties—using quantum wells and wires—such that S and s (and thus
ZT) are increased71. Most recent efforts for enhanced thermoelectrics,
however, have been based on reducing the thermal conductivity through
nanostructuring. This has opened up promising opportunities to design
and fabricate highly efficient thermoelectric materials. The remarkable
progress in thermoelectrics is demonstrated by the large number of
nanostructures with low thermal conductivities and enhanced ther-
moelectric efficiencies that have been fabricated72–79.

Initial studies indicated that the Bi2Te3/Sb2Te3 and PbSe/PbTe quantum-
dot superlattices exhibit enhanced thermoelectric properties72,73. Their
high ZT values were attributed to the strong reduction in the thermal
conductivity. Essentially, studies on superlattices demonstrate that the
efficiency of thermoelectrics can be increased by purposely adding inter-
faces that act as scattering centres for phonons, reducing their mean free
paths and therefore the thermal conductivity. In addition to atomic-
layer-deposition structures, bulk thermoelectrics made of nanostruc-
tured AgPbSbTe compounds were shown to provide high ZT values74.
In these materials, nanometre-scale quantum dots are produced through
a thermal processing technique. In analogy to superlattices, the quantum-
dot interfaces strongly scatter phonons, providing a mechanism for redu-
cing the thermal conductivity and increasing the figure of merit ZT.
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Enhanced thermoelectric efficiencies by reducing heat transport can
also be achieved by combining alloys and nanoparticles75. Thermal con-
ductivity values below the alloy limit were obtained by epitaxially embed-
ding ErAs nanoparticles in an In0.53Ga0.47As alloy. The basic idea is that
the alloy matrix scatters short-wavelength phonons and the ErAs nano-
particles stop mid-to-long-wavelength phonons, reducing the thermal
conductivity below the alloy limit and improving thermoelectric effi-
ciency. Another way of reducing phonon transport uses bulk nanocom-
posites made of BiSbTe alloys with nanosize grains76. In this ‘polycrystal’
technique, the material is converted into a nanoparticle dust by ball milling
and then hot-pressed such that the nanoparticles merge together, creating
nanosize grains. Measurements show76 that the enhanced thermoelectric
properties are the result of a significant reduction in thermal conductivity
(the reduction is caused by scattering of phonons at the grain boundaries).

A significant reduction in thermal transport has also been achieved in
silicon nanowires77,78. Large-area arrays of silicon nanowires grown by
electrochemical synthesis show a surprising hundred-fold reduction in
thermal conductivity77. The main reason for this reduction is the short-
ening of the phonons’ mean free paths by phonon scattering at the rough
nanowire surfaces. The development of theoretical models that can describe
such ultralow thermal conductivities is currently an intense research area
ranging from atomistic calculations to Boltzmann transport models.

More recently, the combination of various scattering processes has
been employed to reduce heat transport greatly in PbTe-based ther-
moelectric materials79. First, atomic-scale substitutions (2 mol.% doping
with Na) are introduced in a bulk PbTe sample to generate a figure of
merit ZT < 1.1 at 775 K. By including endotaxial SrTe nanoparticles
with 2–10 nm sizes, ZT is increased to about 1.7 at 800 K. Then, by trans-
forming the sample to a polycrystal material with micrometre grain
sizes, a ZT value of about 2.2 is achieved at 915 K (ref. 79). The nano-
composite provides a high ZT owing to the different length scales in the
structure, which scatter phonons with different wavelengths. Essentially,
atomic-scale substitutions block short-wavelength phonons, nanoparti-
cles block mid-wavelength phonons and micrograins block large-wavelength
phonons. These combined processes create an ultralow thermal conduc-
tivity and a highly efficient thermoelectric. The Na-doped PbTe–SrTe
matrix was synthesized by melting and quenching, while the polycrystal
was produced by powder processing and spark plasma sintering.

The idea of reducing heat transport through nanostructuring has
been the basis for many recent advances in thermoelectric materials.
The search for an easy-to-craft nanostructure with low thermal conduc-
tivity is now one of the main challenges in thermoelectrics. Equally
importantly, nanostructured materials show us that interface scattering
is a very effective mechanism of stopping the flow of phonons in the
high-frequency (terahertz) part of the phononic spectrum72–80.

Thermocrystals and coherent heat effects
An entirely new way of controlling heat transport, by which heat flow
can be managed like sound waves81, has recently been developed using
‘thermocrystals’, which are periodic structures made of alloys containing
nanoparticles (Fig. 8a). The basic idea of thermocrystals is to manipulate
the heat frequency spectrum such that low-frequency phonons carry a
considerable part of the heat. In this manner, heat-carrying phonons are
subject to coherent reflection and transmission at interfaces, and thus many
applications designed for sound management can be applied to heat flow.

In thermocrystals81, high-frequency phonons are blocked by includ-
ing alloy atoms and nanoparticles (d < 1 nm). The alloy atoms scatter
high-frequency phonons, while the nanoparticles block another set of
high-frequency phonons82–84. In contrast to thermoelectrics82, very high-
frequency phonons are blocked in thermocrystals81. Because high-frequency
phonons are severely restricted from carrying heat, the proportion of
heat carried by low-frequency phonons increases (Fig. 8b). To concen-
trate heat around a specific frequency range—with the purpose of match-
ing the PBG—the contribution of very low-frequency phonons is also
reduced by considering a thin-film material with rough surfaces. As a
result of blocking the highest and lowest frequencies, most heat is thus
concentrated to a relatively narrow low-frequency band. Specifically, for a
Si90Ge10 alloy with a 10% filling fraction of d < 1 nm Ge nanoparticles,
the frequency band is 0.1 THz , f , 2 THz, with up to 40% of the heat
restricted to a narrow ‘hypersonic’ 100–300-GHz range (Fig. 8b). Taking
advantage of this reduced heat spectrum, phononic crystals12,85 with peri-
odicities a < 10–20 nm are designed such that their PBGs match the
frequencies of this narrow hypersonic range. These crystals are created
by introducing air holes in the SiGe alloy thin film containing nanopar-
ticles (Fig. 8a). In these ‘thermocrystals’ up to 23% of heat is carried by
phonons with frequencies within the PBG.
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This matching of the heat frequency spectrum and the PBG demon-
strates that thermal phonons can be managed through coherent inter-
ference effects. In the past, phononic crystals have been shown to manage
sound waves, but these are the first phononic crystals designed to control
heat-carrying phonons. Thermocrystals lay the foundation for various
applications such as heat waveguides, thermal lattices, heat imaging,
thermo-optics, thermal diodes and thermal cloaking.

Conclusions and perspectives
Newly developed phononic crystals and metamaterials are both able to
control phonon transport successfully at low and high frequencies in the
phononic spectrum, ranging from sound to heat transfer. There is,
however, an important difference between phonon management based
on phononic crystals and that based on metamaterials. Whereas in
phononic crystals the structure periodicity is generally of the same order
as the wavelengths of the phonons to be controlled, in metamaterials the
structure length scale can be smaller. This means that if we want to
control large wavelengths in the phononic spectrum (Fig. 1), such as
earthquake or tsunami waves, it would be more appropriate to use
metamaterials, because the required periodicities for phononic crystals
would be exceedingly large. On the other hand, if we want to manipulate
the short-wavelength limit, that is, heat flow, then both thermocrystals

and thermal metamaterials may be appropriate choices depending on
the structure length scale and intended applications, because heat flow
can be controlled by using millimetre-scale metamaterials or nanometre-
scale thermocrystals.

I have also shown that heat flow can be blocked to ultralow levels
using a large variety of nanostructured materials. This large reduction of
the thermal conductivity is a consequence of diffuse interface scattering.
When the nanostructured material is periodic, however, heat flow can be
affected by two different physical mechanisms: diffuse interface scatter-
ing or coherent wave interference. For a periodic nanostructure to con-
trol heat coherently—and act as a phononic crystal—the wavelengths of
heat-carrying phonons must be similar to the structure periodicity,
l < 2a (Bragg reflection). Given that most heat phonon wavelengths
in standard semiconductors at room temperature are relatively short
(l < 1–10 nm in silicon), the Bragg condition is essentially not satisfied
in typical periodic nanostructures, and this prevents heat manipulation
by PBGs. By increasing heat phonon wavelengths using thermocrystals,
however, coherent wave-interference effects (and heat wave transport)
can be achieved in nanostructures that are periodic.

This Review has shown that the development of new ideas for phonon
management—combined with the ability to design and fabricate com-
posite materials from the macroscale to the nanometre scale—has
fuelled recent progress in sonic and thermal diodes, acoustic and ther-
mal metamaterials, optomechanical crystals, hypersonic phononic crys-
tals, thermoelectrics and thermocrystals. These advances have greatly
increased our ability to manage the phononic spectrum at all relevant
frequencies: sound, ultrasound, hypersound and heat. The emerging
field of phonon management has great potential for innovations in
materials and devices that can precisely manipulate sound and heat.
Our ability to control electrons and photons has driven major technolo-
gical revolutions in past decades; perhaps from our new ability to control
phonons precisely we may expect analogously surprising and exciting
consequences.
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