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confirm the topological magnetoelectric
effect (TME) expected for an axion
insulator. TME is a generic property of a
three-dimensional (3D) TI when mass is
introduced to the surface massless Dirac
fermions. In the theory that describes such
massive Dirac fermions, the mass term is
contributed directly by the magnetization
orthogonal to the surface of a 3D TI. It can
be either positive or negative depending
on the direction of the magnetization with
respect to the surface normal (Fig. 1).
Therefore, to introduce a mass term with a
fixed sign, the magnetization at the surface
of a 3D TI has to be either parallel or
antiparallel to the normal directions of all
surfaces, requiring the magnetizations of
the top and bottom surfaces of the TI slab
to point in opposite directions (Fig. 1b). For
a 3D TI surface with a fixed sign of mass, a
half-quantized Hall conductance (e2/2h) is
expected6,7. However, because such a surface
is closed without an edge, no edge channels
are expected. Thus, electric transport will
not verify the e2/2h quantized conductance,
and rather would show both vanishing Hall
and longitudinal conductivities as observed
earlier3. This contrasts with the Chern
insulator case, in which a chiral gapless edge
state carrying e2/h quantized conduction
is formed at the boundary of a 2D TI slab4.

The chiral edge state can also be considered
as a result of a magnetic domain wall due
to the opposite mass terms on the top and
bottom surfaces of the TI (Fig. 1a). The
extra conductance contributed by such a
domain wall has been reported before8,9.
Nevertheless, probing the TME (and
polarization), which is a result of the surface
half-quantized Hall effect, would be the final
proof of the axion insulator.
In addition, due to the intrinsic
correlation between the electric and
magnetic fields, one can envision the
efficient control of the magnetization
using electric field by taking advantage of
the TME, which has been one of the main
goals in spintronics development during
the past decade. In particular, if a magnetic
dipole can be induced in an axion insulator
by an applied electric field, it can be used
to magnetize a neighbouring material
in a desired multilayer heterostructure.
Furthermore, such a magnetic dipolar field
could serve to align the magnetization in
an adjacent axion insulator MnBi2Te4 itself
to achieve the transition from an axion
insulator to a Chern insulator. Therefore,
there could be an electric field-induced
topological phase transition in MnBi2Te4
if the TME susceptibility is large enough.
On the other hand, the generation of a

dipolar electric field in the presence of
magnetic field could be a magnetic field
sensor. Moreover, other TME effects such
as the demonstration of the predicted image
magnetic monopole may be expected in
the future.
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THERMAL CONDUCTIVITY

Achieving a better heat conductor
Finding a competitor for diamond as a good heat conductor remains challenging. Measurements on crystals of
cubic boron nitride demonstrate a thermal conductivity of 1,600 W m−1 K−1 at room temperature, rivalling diamond.
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iamond has long stood as the
most thermally conductive bulk
material, with a room-temperature
(RT) thermal conductivity (κ) in excess
of 2,000 W m−1 K−1.This is a finding that
has significantly advanced condensed
matter physics and thermal management
of various technologies. Thus, the search
for bulk crystals with comparable thermal
conductivities is an important challenge.
In non-metallic crystals, heat is primarily
transferred by phonons — quantized lattice
vibrations arising from coupled atomic
oscillations in crystalline materials. In
1973, Slack identified guidelines to achieve
high phonon thermal conductivity based
on maximizing phonon velocities and
minimizing intrinsic resistive scattering
482

processes; he suggested the crystal must
be made up of strongly bonded atoms
with low atomic masses arranged in a
simple lattice1. This leaves little room
for new high-thermal-conductivity
materials, but the advent of parameter-free
first-principles-based calculations in
conjunction with rigorous solutions to
the Boltzmann transport equation has
enabled further atomistic insight. In 2013,
it was shown that a large frequency gap
between acoustic and optical phonons
(accompanying a large mass ratio of atoms
in the crystal basis), along with bunching
of the acoustic branches, can lead to weak
anharmonic phonon–phonon scattering
and thus strong thermal conductivity
enhancement. In 2018, this enhanced κ

prediction for boron arsenide (BAs)2 was
experimentally realized, with measured
κRT ≈ 1,200 W m−1 K−1 for high-quality
BAs crystals3–5. It was also predicted that if
crystalline materials with strong phonon–
isotope scattering could be isotopically
purified, such as cubic boron nitride (cBN),
large enhancements in thermal conductivity
of ~150% could be realized2.
Now, writing in Science, Bai Song, David
Broido, Gang Chen and colleagues have
used these phonon–isotope scattering design
rules and performed isotopic enrichment
of 10B or 11B to demonstrate ultrahigh κRT
of over 1,600 W m−1 K−1 in bulk crystals of
cBN6. The thermal conductivities surpass κRT
of BAs, and are one of the highest reported
to date. Following Slack’s predictions,
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Fig. 1 | Thermal conductivity scaling with strength of bonding and average mass in crystal, and the role of different phonon scattering processes in
boron-containing materials. a, Room-temperature thermal conductivity versus the Slack scaling parameter for GaAs (ref. 7), Ge (ref. 8), GaN (ref. 9),
Si (ref. 10), diamond (ref. 11), SiC (ref. 9), BeO (ref. 12), AlN (ref. 12), BAs (ref. 5), and cBN (refs. 1,6). Dashed line represents the equation from Slack. b–d,
Schematics describing the phonon scattering mechanisms in crystals of natural and isotopically enriched BAs with a thermal conductivity of ~1,200 W m−1 K−1
(b), natural cBN with a thermal conductivity of ~850 W m−1 K−1 (c) and isotope-enriched cBN with a thermal conductivity of ~1,600 W m−1 K−1 (d). Phonon–
isotope scattering can significantly affect the thermal conductivity of cBN, whereas it has negligible influence on BAs due to large mass-mismatch between the
atomic constituents in BAs. Similarly, four-phonon processes are important for natural and isotopically enriched BAs, while three-phonon scattering dominates
the thermal conductivity of isotopically enriched cBN, with negligible influence from four-phonon processes.

isotopically enriched cBN now takes its place
as one of the highest thermal conductivity
materials in existence.
Impressively, the relatively simple
criteria set by Slack are still applicable
for most non-metallic solids as shown in
Fig. 1a, where we plot κ as a function of
 3 (where M
 is the average mass, δ3
Mδθ
I
isI the average volume
and θ is the Debye
 3 maximizes
temperature). The factor Mδθ
I with light
for strongly bonded crystals
atoms, and is able to fairly replicate
measurements of κ. However, this scaling
fails to describe κ of high-quality crystals of
BAs, where higher order phonon scattering
mechanisms (Fig. 1b) and the limited phase
space for phonon–phonon scattering need
to be considered2. The scaling also fails to
predict κ for natural cBN, where observed
κ falls below the line due to substantial
contributions from resistive phonon–
impurity scattering (Fig. 1c)1.
We can thus apply insight from
first-principles calculations to analyse the
necessary phonon scattering mechanisms
responsible for ultrahigh thermal
conductivity. For BAs, heavier As atoms
dictate the motion of the acoustic phonons
that carry most of the heat. As such, the
more isotopically homogeneous As atoms
only weakly scatter with the isotope defects
from the lighter boron atoms that dictate
the shorter wavelength and more dispersive
optical modes2. Therefore, the thermal
conductivities of isotopically enriched and
natural BAs samples are comparable (see
Fig. 1a). In contrast, due to the similarity
in B and N masses, the inclusion of natural

isotopes in cBN crystals can have a drastic
effect on κBN as compared with higher order
anharmonic processes (Fig. 1c). Taken
together, κ of isotope-enriched cBN could
potentially surpass κ of BAs (Fig. 1d).
To validate these theories, Chen et al.
used pump–probe thermoreflectance
techniques to measure the thermal
conductivity of synthetic crystals of cBN
with natural and controlled abundance of
boron isotopes from 250 K to 500 K. Their
results showed that the rate of decrease
in thermal conductivity with temperature
for cBN is similar to diamond, but slower
than BAs. For ideal crystals, a faster rate
of decrease of thermal conductivity with
temperature suggests a stronger role of the
higher order scattering processes, as was
corroborated by first-principles calculations
that show weak higher order anharmonic
processes in cBN, in contrast to BAs where
four-phonon processes play a vital role.
Their calculations also showed that the
combination of large relative mass difference
in boron isotopes (resulting in a strong
isotope effect) and weaker anharmonic
phonon scattering processes leads to
ultrahigh κ in cBN.
For over 65 years, finding a heat
conductor to rival diamond has proven
daunting. However, Chen et al. show that
high-quality crystals of cBN can possess
comparable thermal conductivities,
of ∼1,600 W m−1 K−1 at room temperature.
While isotope enrichment can minimize
resistive phonon scattering processes,
intrinsic phonon transport properties are
ultimately governed by atomic masses

Nature Materials | VOL 19 | May 2020 | 481–490 | www.nature.com/naturematerials

and the stiffness of chemical bonds. The
discovery of materials with bond strengths
similar to diamond, combined with well
prescribed phonon–isotope scattering
processes, could present another mechanism
to achieve ultrahigh-thermal-conductivity
materials. Tuning of interatomic bonds
by external stimuli could enable changes
in phonon scattering rates and velocities,
and so increase thermal conductivity.
Additionally, with anticipated challenges
in the heterogeneous integration of these
high-thermal-conductivity materials into
composites and devices — a well-known
issue for diamond — the ability to create
dynamically tunable thermal properties
in easily integrated materials could offer
a solution to the implementation of these
ultrahigh-thermal-conductivity materials in
thin films and interfaces.
The realization of ultrahigh thermal
conductivity in cBN represents the
collaborative efforts of scientists and
engineers with a range of expertise. This
discovery was a result of designing a
material with an end goal of achieving
a desired thermal property, as opposed
to the thermal property being evaluated
after designing the material for another
functionality. This ‘thermal-first’ material
development is a necessary charge to push
the limits of thermal sciences and discover
unrealized thermophysical processes.
While Slack’s predictions provide us with
a blueprint for relatively simple material
systems, there is a periodic table worth of
opportunities for thermal-first material
development of complex systems, which
483
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could revolutionize entire classes of devices
and technologies.
❐
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QUANTUM MATERIALS

Marriage of topology and magnetism
A monolayer topological insulator is magnetized by proximity to a layered antiferromagnetic insulator.

Cui-Zu Chang
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opology provides a new organizing
principle of quantum phenomena
in condensed matter physics1. This
insight played a key role in the discovery of
topological insulators (TIs), in which the
interior is insulating but electrons can travel
through conducting surface/edge channels.
The blossoming of TI materials over the
past dozen years has radically changed the
research landscape of condensed matter
physics. Unlike the hundreds of available
three-dimensional TIs, the two-dimensional
(2D) TI phase (that is, the quantum spin
Hall (QSH) insulator) to date has been
unambiguously demonstrated in only three
materials systems: HgTe quantum well2,
InAs/GaSb quantum well3 and monolayer
WTe2 (ref. 4). A 2D TI harbours helical
edge states, which are protected by the
time-reversal symmetry. When magnetic
order is introduced into a 2D TI, timereversal symmetry is broken and new
quantum phenomena, such as the quantum
anomalous Hall (QAH) effect, emerge5.
The introduction of magnetic order in a
TI is traditionally accomplished by doping
transition metal ions into the TI matrix.
Through this approach, the QAH effect has
been successfully realized in chromiumand vanadium-doped (Bi,Sb)2Te3 thin
films6,7. However, the doping approach has
the following disadvantages: it inevitably
introduces defects and disorder that degrade
the quality of the TI film, and it leads to the
weakening of spin–orbit coupling that in the
extreme will destroy the non-trivial surface
states of the TI film. To bypass these two
material limitations, an alternative but more
straightforward approach is to construct
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Fig. 1 | Proximity induced magnetic order in monolayer WTe2. a, Structure of the monolayer WTe2 on
trilayer (3L) CrI3 heterostructure. The red and blue channels along the edge of the monolayer WTe2
are helical edge states. b, The magnetic field dependence of the linear conductance G (top) and the
RMCD signal (bottom). The conductance jumps are observed when the magnetic state of the CrI3 layer
changes, demonstrating proximity-induced magnetic order in monolayer WTe2.

TI/magnet heterostructures. The TI/magnet
heterostructure approach has shown success
in producing magnetic order in a TI, but
heterostructures in studies to date were
usually constructed by direct growth or
transfer of the TI layer on top of the nonlayered magnetic insulator or vice versa.
Therefore, the interface quality was highly
constrained. Moreover, the TI layer in prior
studies was typically several nanometres
thick, so the magnetic proximity effect could
only gap out one surface of the TI, the one
in contact with the magnetic layer, while
the other surface remained gapless. This
hindered the exploration of the proposed
novel phenomena. Writing in Nature

Materials, Wenjin Zhao and co-workers8
utilized the van der Waals (vdW) assembly
technique to construct heterostructures
formed by monolayer TI WTe2 and bi-/
trilayer antiferromagnetic insulator CrI3.
This vdW heterostructure enables the
investigation of the magnetic proximity
effect and a new kind of unidirectional nonreciprocal current switching at the WTe2/
CrI3 interface.
The authors first pre-patterned Pt
electrodes on top of hexagonal boron nitride
(hBN)/graphite substrates, which is used as
a bottom gate to tune the WTe2 monolayer
into the 2D TI regime. Next, monolayer
WTe2, bi- or trilayer CrI3, and hBN are
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