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Quantum materials are on the ascent. This term embodies a 
vast portfolio of compounds and phenomena where rami-
fications of quantum mechanics are demonstrably real. 

Quantum materials are in the vanguard of contemporary physics in 
part because these systems afford an exceptional venue to uncover 
the many roles of symmetry, topology, dimensionality and strong 
correlations in macroscopic observables. Here we set out to explore 
the ways and means of creating new states of matter in quantum 
materials and manipulating their phases via external stimuli. 
Practical control of these properties is a precondition for exploit-
ing quantum advantages in new photonic, electronic and energy 
technologies, a task of significant societal impact1. We will primar-
ily focus on the following classes of quantum materials: transition 
metal oxides, Fe- and Cu-based high-Tc superconductors, van der 
Waals semiconductors, topological insulators and Weyl semimetals, 
and, finally, graphene.

The properties of quantum materials are anomalously sensitive 
to external stimuli. In these systems, interactions associated with 
spin, charge, lattice and orbital degrees of freedom are commonly 
on par with the electronic kinetic energy. A rather fragile balance 
between coexisting and competing ground states can be readily 
shifted via external stimuli, leading to a raft of quantum phases and 
transitions between them2,3. Furthermore, certain classes of driven 
quantum states (Fig. 1a and Box 1) are explicit products of coherent 
interaction between light and matter4–6. Alternatively, the properties 
of quantum materials can be pre-programmed by directly manipu-
lating the electronic wavefunction and the attendant Berry phase 
that give rise to the anomalous velocity of electrons in a solid7–9. 
These complementary avenues of controls mean that investigations 
no longer need to be reduced to merely observing (in contrast, for 
example, to astrophysics). Instead, it is now feasible to attain, in a 
predictable fashion, ‘properties on demand’ by steering a quantum 
material towards a desirable ground, metastable or transient state.
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The past decade has witnessed an explosion in the field of quantum materials, headlined by the predictions and discoveries of 
novel Landau-symmetry-broken phases in correlated electron systems, topological phases in systems with strong spin–orbit 
coupling, and ultra-manipulable materials platforms based on two-dimensional van der Waals crystals. Discovering pathways 
to experimentally realize quantum phases of matter and exert control over their properties is a central goal of modern con-
densed-matter physics, which holds promise for a new generation of electronic/photonic devices with currently inaccessible 
and likely unimaginable functionalities. In this Review, we describe emerging strategies for selectively perturbing microscopic 
interaction parameters, which can be used to transform materials into a desired quantum state. Particular emphasis will be 
placed on recent successes to tailor electronic interaction parameters through the application of intense fields, impulsive elec-
tromagnetic stimulation, and nanostructuring or interface engineering. Together these approaches outline a potential roadmap 
to an era of quantum phenomena on demand.

Why properties on demand?
We outline some of the chief motivations behind the properties-
on-demand approach in Fig. 1. First, time and again, discoveries of 
new states of matter stimulate disruptive advances in physics. For 
example, Floquet–Bloch states (Fig. 1a and Box  1, panel c), are a 
product of hybridization between intense optical pulses and surface 
states in Bi2Se3 crystals10,11. Replicas of the original electronic levels 
accompanied by energy gaps at avoided crossings in momentum 
space are an experimental signature of Floquet–Bloch states. The 
Floquet method enables control of both Landau symmetry break-
ing and topological phase transitions involving a change of a global 
topological invariant (for example, the Chern number).

Second, the properties-on-demand approach can help resolve 
longstanding enigmas. For example, experiments in high magnetic 
fields H offer innate advantages for addressing and settling some of the 
most pressing questions in high-Tc superconductivity: a problem that 
has eluded a thorough theoretical explanation14. Unresolved issues 
include the nature of the electronic state at T > Tc from which super-
conductivity emerges, the character of the ground state as T→0 in the 
absence of superconductivity, and the origin of the quantum critical 
point (QCP): a zero-temperature phase transition where pressure or 
doping serve as tuning parameters (Fig. 1b). QCPs are firmly estab-
lished in (antiferro)magnetic metals and were also observed in several 
classes of unconventional superconductors, including heavy fermion 
systems, organic materials and Fe-based pnictides15. Experimental 
access to the QCP in cuprates is difficult because this putative T = 0 
transition is surrounded by a dome of superconductivity; however, 
the dome can be ‘removed’ in a high-H field. These experiments 
uncovered quantum oscillations (QO) of various transport properties 
as a function of the magnetic field strength16. QOs are a litmus test for 
the existence of a robust Fermi surface and of well-defined quasiparti-
cles—concepts that early on were challenged in connection to high-Tc 
superconductors but are now nearly universally agreed upon.
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Third, alongside purely fundamental interests, the properties-
on-demand strategy is pertinent in the quest to create devices based 
on new physical principles. For example, few-cycle optical pulses 
allow one to modulate the conductivity even in wide-bandgap insu-
lators (Fig. 1c). Another actively pursued direction is to exploit 
anomalously strong responses to weak stimuli that are inherent to 
quantum materials. Fashioning a Mott transistor17,18 is one exam-
ple of this concept. Memory effects rooted in electronic/structural 
phase separation19 and/or electronic correlations are closely related 
to quantum materials; memory effects are essential for the solid-
state implementations of biologically inspired circuits20 and may 
also facilitate energy-efficient computing. Yet another control route 
is provided by the Berry phase that underpins the tuning of topo-
logical conducting channels7,8,21. The same physics is essential for 
optical control of the valley degree of freedom in quantum materials 
with hexagonal lattices22, including graphene and transition metal 
dichalcogenides (TMDs). Likewise, the chirality of both electronic 
and photonic23,24 effects in quantum materials can be manipulated: 
chiral currents and propagating chiral hybrid light–matter modes 
known as polaritons can benefit from topological protection against 
backscattering25–27. Berry phase effects also underlie the phenom-
enon of ‘shift currents’—an optically induced charge separation 
arising from asymmetry in the electronic wavefunctions—which 
provides a new paradigm for designing high-performance opti-
cal-frequency conversion and photovoltaic materials28,29. Recent 
studies of transition metal monopnictide-based Weyl semimetals 
(discussed in ‘Topological phenomena under control’) that exhibit 
the requisite band topology have revealed giant second-order non-
linear optical responses30,31. Another promising device concept is an 

optically pumped low-threshold laser based on a monolayer of the 
prototypical TMD material WSe2

32. Other emerging applications are 
discussed in the companion Review by Tokura et al.33.

Ways and means of quantum control
In this section, we survey state-of-the-art methods (Fig. 2) that can 
be used to fine-tune a quantum material through its free energy 
landscape and briefly discuss the types of quantum phases that are 
accessible.

Static external perturbations. These offer the most controlled 
means of property tuning since thermal equilibrium is maintained 
throughout the process. Hydrostatic pressurization, typically applied 
using diamond anvil cells, is one approach that is commonly used 
to increase the orbital wavefunction overlap between neighbouring 
sites in a crystal, in turn increasing the ratio of kinetic (inter-site 
charge hopping) to potential (on-site Coulomb repulsion) energy. 
Pressure is often exploited to continuously tune a material across 
the Mott insulator-to-metal or even superconductor34 phase bound-
ary, which can be accompanied by an orders of magnitude resistivity 
change (Fig. 3a).

Heterostructuring. A large number of material parameters can 
be tuned by static perturbation of two-dimensional systems based 
on mechanically exfoliated nanoflakes or layer-by-layer epitaxy. 
Heterostructures offer pathways to induce energy gaps in the elec-
tronic structure by superlattice modulation, magnetic/superconduct-
ing proximity effects35,36, or even to generate giant pseudomagnetic 
fields (>300  T) with substrate defects all giving rise to striking 
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Figure 1 | The properties-on-demand approach. a, Photoexcitation of the surface states in Bi2Se3 crystals results in hybrid light–matter Floquet–Bloch 
states that manifest themselves as replicas of the original band structure. b, Phase diagram of a prototypical cuprate high-Tc superconductor YBa2Cu3Ox 
(YBCO) in zero magnetic field (top) and in a magnetic field of 50 tesla (bottom). Grey domes depict the superconducting phase. CDW, charge density 
wave; SDW, spin density wave; NMR, nuclear magnetic resonance. TXRD points display the onset of CDW modulations observed in X-ray diffraction data. 
c, Schematic of a metal–dielectric nanojunction. A few-cycle optical waveform reversibly increases the conductivity of amorphous SiO2 by more than 
18 orders of magnitude within 1 femtosecond, allowing electric currents to be driven, directed and switched by the instantaneous light field. Adapted from 
ref. 10, Macmillan Publishers Ltd (a); ref. 12, Macmillan Publishers Ltd (b); and ref. 13, Macmillan Publishers Ltd (c).
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macroscopic consequences37. The recent surge in available families 
of van der Waals (vdW) materials38, combined with the ability to 
produce nearly perfect interfaces between them, offers additional 
routes towards designing quantum phases by stacking vdW mon-
olayers and controlling the coupling between them by the relative 
twist-angle misalignment. Electrostatic gating is readily attainable in 
vdW heterostructures and offers an additional degree of control over 
these materials. For example, electrostatic tuning of a high-mobility 
electron liquid in graphene allows one to select the regime of car-
rier density when the flow of electrons becomes viscous, whereas 
electric conductance can exceed the limits of ballistic transport39. 
Oxide heterostructures have also enabled the stabilization of inter-
esting electronic phases at the interfaces of dissimilar oxides40 or via 
interactions with the substrate. A recent example of the former is the 
implementation of a polar metal: a novel form of a conducting mate-
rial with a static microscopic polarization at equilibrium41.

High magnetic (B) fields. Another route to directly manipulate the 
electronic degrees of freedom in a material is the use of external 
magnetic fields. Well-known consequences include the collapse of 
dispersive electronic bands into cyclotron orbits or reorientation 
of ordered magnetic moments, all occurring without necessarily 
altering the lattice structure. The relevant energy scales are set by 
the cyclotron energy ħωc ~ ħeB/m and/or Zeeman energy EZ ~ gμ0B 
(where e is the electron charge, m is the electron mass, g is the 

electron gyromagnetic ratio and μ0 is the Bohr magneton), which 
can reach a few meV in fields of order 10 T. The integration of high 
magnetic fields with accelerator-based light sources including syn-
chrotrons and free electron lasers now allow for spectroscopic inter-
rogation of B-field induced phase transitions such as those between 
high-Tc superconducting and charge density wave ordered phases42. 
With the advent of pulsed magnet technology, fields exceeding 100 T 
(ħωc and EZ in the tens of meV range), have recently been achieved, 
opening up new regions of complex material phase diagrams43.

High electric field perturbation and stimulation. Advances in 
sub-picosecond pulsed lasers allow for quantum materials to be 
strongly driven and characterized by impulsive electromagnetic 
stimulation on the fundamental timescales of electronic and atomic 
motion (Fig. 2). For example, intense THz fields44 in the range 
106–107 V cm–1 can be generated across a broad swath of the elec-
tromagnetic spectrum to drive quantum phases at their natural 
energy scales. The electric field can be further enhanced by inte-
grating quantum materials with metamaterials45. The strength of 
the perturbing electric field is a key enabler in dynamic materials 
control research. For example, strong, high-frequency fields can ini-
tiate phase transitions, including the insulator-to-metal transition45 
(discussed in ‘Revealing hidden phases and new states of matter’) 
or drive nonlinear effects such as on-resonance parametric amplifi-
cation and high harmonic generation46,47. Sub-gap electromagnetic 

The tenet of dressed states is central to the physics of quantum 
materials. A familiar example of photon dressing (pictured, panel a) 
occurs as the result of light hybridization with dipole-active exci-
tations in solids and is best revealed in the energy–momentum 
(E–k) dispersion. Polaritonic effects are especially rich in van der 
Waals atomic layers and crystals that support a full suite of these 
hybrid quasiparticles stemming from coupling to plasmons, pho-
nons, excitions and magnons57. A high degree of confinement of 
polaritonic modes combined with relatively weak losses allows one 
to control and manipulate long-wavelength electromagnetic radia-
tion at nanometre length scales.

 Some of the most spectacular properties of quantum materi-
als arise through many-body effects, a consequence of electrons 
strongly interacting with one another, with crystal lattice and/or 
with bosonic excitations. Landau asserted that quasiparticles in 
solids behave in many ways as free electrons, but with effective 
masses and velocities renormalized by interactions. The impact 
of renormalization is again most evident in the E–k dispersion: 
interactions impart a ‘kink’ at the bosonic energy scale (panel b). 
The kink separates low-energy coherent quasiparticles from inco-
herent states at higher energies. Femtosecond dynamics of these 
characteristics in cuprate high-Tc superconductors have helped to 

uncover the roles of spin fluctuations and the lattice in the forma-
tion of the modified dispersion76,77.

 Floquet quasiparticles are an example of an explicit product of 
light–matter interaction4–6,10,11. Under periodic electromagnetic exci-
tation with frequency Ω (panel c), electronic bands become dressed, 
which manifests itself as a ‘Floquet’ copy of the original band shifted 
in energy by hΩ61–65. Even though the driving field oscillates at fre-
quency Ω, crystals effectively rectify these oscillations, yielding a 
quasi-static dispersion on the timescale of the excitation pulse65,78. 
These photon-dressed electronic bands can overlap with other 
bands (left shaded region) and hybridize (right unshaded region). 

 Recent work has shown that non-trivial Berry phases can be 
engineered not just in bare electronic states but also in dressed 
states4–6. The basic mechanism involves hybridizing pairs of dressed 
bands (for example, with magnetic field or circularly polarized 
light) so that each acquires a non-trivial winding number, which 
produces protected edge modes (panel d). The finite Berry phase 
also modifies polaritonic dispersions. For example, the dispersion 
of edge plasmon-polaritons in graphene and TMD crystals is pre-
dicted to split into two distinct branches with opposite velocities25–27. 
The Berry phase can be conveniently controlled by photoexcitation 
suggesting entirely novel ways of attaining photoinduced responses.

Box 1 | Dressed states, hybrid quasiparticles and Berry phase engineering.
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excitation can be characterized in terms of the Keldysh parameter, 
γ = a√

—
2m

——
Eg

—
/ħ

—
ε ,where a is the lattice spacing, m the carrier mass, 

Eg the bandgap, and ε the Floquet parameter (given as ε = eaE/ħω, 
where E is the electric field and ω the frequency). Tunnelling domi-
nates for γ < 1, while multiphoton absorption dominates for γ > 1. 
For sufficiently high fields (1–10 MV cm–1) at THz and mid-infrared 
frequencies, the tunnelling regime (γ < 1) is operative, resulting in 
novel phenomena and unexpected effects such as massive popula-
tion transfer between bands far in excess of the photon energy (that 
is, Eg >> ħω)44,48,49. An exciting research direction that will remain 
outside of the scope of this Review is the electrical and optical con-
trol of magnetism50,51.

Nonlinear phononics. Light-induced lattice displacements can in 
principle change the symmetry of a material and significantly alter 
its free-energy landscape, leading to new, low-energy quantum 
states. Specifically, mid-infrared pulsed excitation of infrared-active 
phonons has been utilized to impart and/or to relieve net structural 
distortions. This novel method, dubbed nonlinear phononics, capi-
talizes on coherent coupling between light and lattices. The lattice is 
altered by the oscillating field due to anharmonic coupling between 
infrared and Raman-active modes52,53. Spectacular photoinduced 
phenomena promoted by nonlinear phononics are discussed in 
‘Revealing hidden phases and new states of matter’.

Metastable states. Impulsively induced electronic phases are typi-
cally short-lived, with lifetimes on the order of the electromag-
netic pulse width or the energy relaxation time of the material. 
Yet, in quantum materials with corrugated free-energy land-
scapes, impulsive stimulation can trap the system in new phases 

at auxiliary free-energy minima, separated from the true ground 
states by a significant kinetic barrier54–56. These metastable phases 
persist indefinitely on experimental timescales but can be control-
lably erased by external parameters such as temperature and mag-
netic field. 

Polaritons. These quasiparticles (Box 1, panel a) are hybrids of light 
and matter involving collective oscillations of charges in materi-
als25,57. The most thoroughly investigated and utilized of these are 
surface plasmon-polaritons supported by electrons in conducting 
media and light. Other examples include phonon- and exciton-
polaritons. A common denominator of many classes of polaritons is 
that they permit the confinement of light at the nanoscale, thereby 
dramatically enhancing light–matter interaction. Polaritons provide 
a natural route to strongly enhance the interaction of light and mat-
ter. As such, polaritons are well suited to increase rates of ‘forbidden’ 
transitions in solids58, may enable efficient heat transfer at the nano-
scale, and even alter chemical properties of molecules—a method 
dubbed polaritonic chemistry59.

Direct hopping modulation and Floquet engineering. Time-
periodic perturbation has recently emerged as a promising 
strategy for tuning the microscopic interaction parameters in a 
quantum many-body system. This dynamical approach, dubbed 
Floquet engineering, involves modulating the system at frequen-
cies on par with or exceeding intrinsic interaction energy scales 
(Box 1, panel c). In the high-frequency regime, the system evolves 
under a simple effective equilibrium Hamiltonian with a hopping 
amplitude that is renormalized by a factor J0(ε), where J0 is the 
zeroth Bessel function of the first kind, and ε is the aforementioned 
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Floquet parameter60. Therefore the hopping can in principle 
be tuned by the amplitude or frequency of the electromagnetic 
field (albeit in potential competition with effects that occur in 
the Keldysh tunnelling regime, γ < 1). In strongly correlated sys-
tems, magnetic exchange interactions, which are proportional to 
the hopping squared, also become highly tunable60. Floquet engi-
neering has already been successfully implemented in ultracold 
atomic systems, where modulation is imparted by shaking the 
underlying optical lattice. However, implementation of Floquet 
engineering in solids, where modulation is imparted by external 
electromagnetic radiation, is still unrealized. A major challenge 
is that ultrashort laser pulses must be used to generate the req-
uisite high driving amplitudes, which makes any Floquet phase 
short-lived and difficult to detect. In addition, questions about 
how to control the steady-state occupation of Floquet bands and 
to mitigate heating effects remain outstanding. However, recent 
advancements in ultrafast experimental techniques, theoretical 
simulations of time-domain experiments61,62 and the development 
of driving protocols for population and thermal management63,64 
are boldly moving this field forward65. The recent successful imag-
ing of a Floquet band structure (Fig. 1a) in Bi2Se3 (ref. 11), enabled 
by technological leaps in time-resolved angle-resolved photoemis-
sion spectroscopy (tr-ARPES)66,67, is an exciting opening act to this 
grand pursuit. 

Valley control and Berry phase modulation. The semiclassical 
dynamics of electrons in external fields are modified by the Berry 
curvature of Bloch states in momentum space, giving rise to an 
anomalous velocity that is responsible for phenomena such as the 
anomalous Hall effect7. Materials such as graphene and monolayer 
TMDs possess the electronic structure with two valleys, which 
contribute Berry curvatures of equal magnitude but opposite sign 
(Box 1, panel d). Through valley-selective resonant optical pumping 
or off-resonant electromagnetically induced a.c. Stark shifts68, the 
net Berry curvature, and thus anomalous velocity related effects, can 
be controlled on demand. Another proposed route to manipulating 
Berry phase effects is via Floquet engineering of band structures69, 
whereby electromagnetic driving is used to induce topologically 
trivial to non-trivial transitions in systems through dynamical 
breaking of time-reversal symmetry in systems like graphene4,68 or 

through a reorganization of orbital textures in systems like spin–
orbit coupled semiconductors5,6.

Creating macroscopic quantum coherence
The condensation of bosons is arguably the most dramatic mani-
festation of a macroscopic quantum phenomenon in nature. In sol-
ids, superconductivity arising from Cooper pairing with long-range 
phase coherence is the archetype of quantum condensation. Indeed, 
the insights and advances in quantum matter arising from the study 
of superconductivity are unparalleled14. The notion of condensation 
extends beyond the domain of superconductivity to other bosonic 
excitations, including magnons, excitons and exciton-polaritons70–72. 
All these condensates are amenable to the full range of parameter 
manipulation in Fig. 2, allowing for the exploration of novel phases 
in a controlled fashion with the ultimate goal of ‘condensation on 
demand’. Another goal is to enhance the maximum temperature at 
which a given condensate remains stable. We briefly consider some 
of the insightful advances in quantum condensates.

Superconductivity. Since the start of the new millennium the dis-
covery of new superconductors includes MgB2 (ref. 73), an entire 
class of materials in the Fe-based pnictides74, and the realization of 
superconductivity above 200 K at high pressure in sulfur hydrides34. 
The latter exhibits a strong isotope effect in support of phonon 
mediated superconductivity (Fig. 3a and Box 1, panel b). Thus, 
pressure-induced superconductivity in sulfur compounds follows 
the phonon-centric paradigm at variance with Fe- and Cu-based 
high-Tc superconductors where magnetism is likely to play a promi-
nent role in the pairing mechanism75. Mono- and few-layer FeSe is 
another recent surprise; reports of Tc for monolayer specimens on 
SrTiO3 substrates range from 65–95 K, far in excess of the Tc~8 K 
of bulk FeSe79. The origin of this phenomenon is under debate with 
both interfacial doping and substrate-modified electron–phonon 
coupling implicated in the enhancement80. The transition tempera-
ture of few-layer FeSe can also be modified through electrostatic 
tuning81,82 (Fig.  3b). Intriguingly, electric field-induced supercon-
ductivity, albeit at lower Tc, has also been observed in TMDs such as 
MoS2 and 1T-TiSe2 (refs 83,84) whereas cuprate high-Tc supercon-
ductors reveal a broadly tunable transition temperature85. Finally, 
we mention that non-equilibrium superconductivity is a rapidly 
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developing research area (Fig. 4d), including the recent observation 
of the Higgs mode86 in a disordered superconductor and in NbN 
using time-resolved terarhertz spectroscopy87.

Magnon condensates. These condensates constitute a well-estab-
lished topic, building on the detailed correspondence between 
quantum spins and Bose–Einstein condensates (BEC)88,89. Magnon 
condensates include those that are thermodynamically accessible 
and those created through non-equilibrium excitation. Examples 
of the former are realized with an applied magnetic field, which 
tunes the magnon density to access the dilute limit BEC (analogous 
to chemical potential tuning in atomic condensates). Pioneering 
results include demonstrations of condensation of antiferromag-
netic dimers in TlCuCl3 (ref. 70) and BaCuSi2O6 (ref. 90). Recent 
work focused on elucidating a quantum critical point in BaCuSi2O6 
(ref. 91) and spontaneous electric polarization in TlCuCl3 on 
entering the magnon condensate phase92. These results suggest 
the possibility of condensate control with an applied electric field. 
Non-equilibrium magnon condensates can be generated with 
microwave pulses to control the chemical potential independent 
of temperature. At a critical pumping power, a sufficient magnon 
density is created that can subsequently thermalize and condense. 
This was first observed using light-scattering spectroscopy in 
thin films of yttrium iron garnet93 (YIG), a ferrimagnet that can 
be efficiently pumped and has a long spin–lattice relaxation time, 

allowing for magnon condensation at ambient temperature. More 
recently, experiments on YIG films uncovered a room-tempera-
ture magnon supercurrent94: a macroscopic collective motion of 
magnon condensate subjected to a thermal gradient. This result is 
appealing in the context of spintronic devices operational at ambi-
ent temperature.

Exciton and exciton-polariton condensates. Indirect exciton and 
exciton-polariton condensates, created through optical excitation, 
represent the state-of-the-art with respect to on-demand control of 
macroscopic coherent states of matter. Coupled layers of two-dimen-
sional electron gas (2DEG) in GaAs quantum wells remain the gold 
standard in the study of these condensates71,96. Van der Waals mate-
rials such as graphene and TMDs also offer considerable promise in 
creating designer condensates. Layer-by-layer tuning of the 2DEG 
interlayer spacing (and therefore coupling) is possible using insu-
lating spacers of hexagonal boron nitride (hBN). This convenient 
tuning knob complements gating control of the intralayer doping. 
A confluence of light effective masses, high exciton binding energies 
(0.4–0.9 eV) and prominence of many-body effects in TMD-based 
heterostructures holds promise for the realization of excitonic con-
densates and superfluids under ambient conditions97,98. Data for two 
bilayer graphene specimens separated by a thin spacer of hBN in 
the quantum Hall regime offer the enticing hints of exciton con-
densation95. Indirect excitons in this system do not require optical 
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excitation, forming instead between partially filled Landau levels 
(Fig.  3c). Microcavity exciton-polariton condensates continue to 
produce exciting results72. Creating a thermalized condensate has 
proved challenging since the thermal equilibration time is typi-
cally longer that the polariton lifetime. Yet, the thermalized limit 
can be achieved through the design of higher-Q microcavities99. 
We conclude this section mentioning an interesting theoretical 
prediction—namely, an exciton-polariton condensate in proximity 
to a 2DEG is expected to promote superconducting pairing100. The 
unmatched degree of controls attainable in vdW heterostructures 
may enable the experimental validation of this exciting proposal.

Revealing hidden phases and new states of matter
Insulator-to-metal transitions (IMT) are a hallmark of many fami-
lies of quantum materials. It is now feasible to investigate these 
transitions in the regimes of ultrahigh electric/magnetic fields, 
and ultrafast and intense optical pulses in concert with nanoscale 
spatial resolution. These previously unattainable means of control 
and inquiry have uncovered a host of metastable states and ‘hid-
den’ phases not apparent in common phase diagrams of quantum 
materials that are typically measured at (or near) equilibrium using 
area-averaging probes.

Anomalous metallicity at the nanoscale. We begin with the vet-
eran quantum material V2O3, often referred to as a prototypical Mott 
insulator. Yet, this compound continues to uncover novel facets of 
correlations. The electronic transition at TIMT~160 K is accompanied 
by a structural transformation. Furthermore, the low-T insulator is 
antiferromagnetically ordered in accord with the expectations of 

Mott theory. The physics of the first-order phase transition is appar-
ent in the nano-infrared image in Fig. 4a. The scattering amplitude 
results shown in the image and in the histogram plot in the lower 
panel can be interpreted in terms of the local conductivity101. These 
data reveal coexisting metallic (red) and insulating (blue) domains. 
All these attributes are generic to other correlated oxides undergo-
ing the IMT. An unexpected result is the continuous evolution of 
the local infrared conductivity in V2O3 across the IMT. This finding 
is at variance with the conventional picture of a first-order transi-
tion where the metallic volume fraction increases with temperature 
at the expense of the insulating volume fraction, with the two 
phases remaining electronically unchanged throughout the transi-
tion. The observed continuous character of the IMT was predicted 
within a model allowing for a long-range interaction between the 
domains105, but remained elusive since the observation required a 
scanning probe experiment with nanoscale resolution.

Correlated oxides with strong spin–orbit interaction. A family of 
pyrochlore R2Ir2O7 materials (where R stands for rare earth elements) 
and Cd2Os2O7 compounds exhibit magnetic ordering of the Ir (Os) 
5d moments with an all-in all-out (AIAO)-type structure106. The 
AIAO magnetic structure implies that all magnetic moments on one 
tetrahedron point either inwards (all-in) or outwards (all-out) from 
its centre (Fig. 4b). The domain walls between two distinct types of 
AIAO domain are believed to play a profound role both in transport 
and electrodynamics of Ir- and Os-based systems. Specifically, the 
boundaries between two inequivalent domains were predicted to 
host metallic states107 at T<TIMT. These domain walls were visualized 
in AIAO compound Nd2Ir2O7 using a scanning microwave probe102 
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that is sensitive to the local conductivity. Notably, the density of the 
domain walls in Nd2Ir2O7 can be tuned with an applied magnetic 
field: a remarkable effect that accounts for anomalies detected in 
area-averaged transport studies. The nature of the electronic state of 
these conducting domain walls remains unexplored; future experi-
ments are needed to verify the prediction of Weyl states associated 
with the domain walls108.

Metallicity under static E or B fields. The discovery of a static mag-
netic field-tuned IMT in Nd2Ir2O7 is an elegant demonstration of how 
dramatic electronic reconstruction can be imparted by moderate 
field strengths (~10 T). The confluence of strong spin–orbit coupling, 
Coulomb repulsion and geometrical frustration in Nd2Ir2O7 margin-
ally stabilizes a magnetically ordered insulating ground state that is 
on the precipice of a metallic transition. Interestingly, the insulating 
state is endowed with both Mott and Slater characteristics, namely 
a large insulating gap of around 45 meV (~800 T) that is linked to 
a Q = 0 magnetic order. Therefore, application of a magnetic field at 
the Zeeman energy scale, far below the gap energy scale, is sufficient 
to drive a drop in resistivity by three orders of magnitude. Analogous 
phenomena can also be triggered using static electric fields. The Mott 
gap in the multi-orbital Mott insulator Ca2RuO4, for example, has 
been reported to collapse under application of a weak electric field 
(~40 V cm–1)109 far below the energy gap scale. While the exact mech-
anism is still unsettled, it seems likely that novel phenomena such as a 
many-body Zener effect and orbital depolarization are at play.

Metastable states. Stimulation with ultrashort optical pulses has been 
utilized to induce phase transitions in a host of quantum materials 
via photothermal quenches, field-induced tunnelling and phonon 
excitation, among others2,110–113. In some materials, the transition 
between two thermally accessible phases proceeds through a distinct 
transient phase. VO2 is an interesting example, with evidence of a 
short-lived monoclinic metallic phase114 that is electronically distinct 
from the high-temperature metal phase with a rutile crystal struc-
ture. Nonetheless, in nearly all cases to date, these induced phases are 
ephemeral with lifetimes ranging from picoseconds to nanoseconds. 
Impulsive photoexcitation can also generate metastable quantum 
phases in correlated electron systems, separated from the true ground 
state by a kinetic barrier. These phases persist indefinitely on time-
scales of days and can be erased by tuning external parameters such as 
temperature or magnetic field. Photoinduced metastable IMTs have 
been observed in the CDW material 1T-TaS2 (refs 54,115) and in the 
strained manganite La0.7Ca0.3MnO3 (LCMO; ref. 56), with the results 
highlighted in Fig. 4c55. In TaS2, 1.55-eV photoexcitation at low tem-
peratures in the commensurate CDW phase results in a decrease in 
the resistance by three orders of magnitude arising from collective 
polaron reordering54. Similarly, at low temperatures, strained LCMO 
is a charge-ordered antiferromagnetic insulator where 1.55-eV excita-
tion results in a collapse to a ferromagnetic metallic state, with strong 
magneto-elastic coupling being of importance56. In both cases, a 
minimum fluence (~1 mJ cm–2) is required to achieve metastability 
suggestive of the need for a critical photoexcited volume to prevent 
collapse back to the initial phase. LCMO and 1T-TaS2 are drastically 
different in terms of their electronic structure and crystallography; yet 
they exhibit certain similarities of photoinduced metastability. This 
indicates the need for further studies to understand the conditions 
and processes that result in photoinduced metastability, and to search 
for other materials that can exhibit robust metastability.

Phononic controls of quantum materials. A prominent early exam-
ple is light-induced metallicity of the correlated oxide Pr0.7Ca0.03MnO3 
prompted by a collapse of the bandgap via coherent excitation of 
Mn–O vibrational modes112. Resonant phonon excitation minimizes 
both electron and lattice heating: two detrimental effects that are dif-
ficult to avoid under non-discriminative pumping of materials with 

convenient near-IR or visible lasers. Apart from inducing metallicity, 
phononic excitation has been employed to melt orbital order116 and 
trigger strong effective magnetic fields117. A particularly intriguing 
series of experiments has reported on phononically driven enhance-
ment of superconducting correlations both in the cuprates and in 
K3C60 (refs 103,118). Figure 4d shows the real part of the optical con-
ductivity for K3C60 at 100 K, well above the bulk Tc of this compound. 
At equilibrium (red curve) a Drude-like response is observed. On 
excitation with 0.18-eV pulses (blue curve), a gap appears that is rem-
iniscent of superconductivity103. These experiments have motivated 
theoretical work, both to understand the nature of lattice dynamics 
arising from nonlinear phonon excitation, and to elucidate the pos-
sible origin of the superconducting enhancement118,119. The inset of 
Fig. 4d displays a theoretical phase diagram in terms of the on-site 
Coulomb potential U and the average boson occupation, predicting 
enhanced superconductivity along with other phases (for example, an 
Anderson insulating phase that does not exist in equilibrium)104.

Need for attosecond transients. A fundamental problem in ultra-
fast experiments is the need to disentangle the electronic and lattice 
contributions in the course of light-activated processes. Naturally, 
the electronic processes are much faster than dynamics involving the 
lattice, which are difficult to probe using standard lasers with pulses 
limited to tens of femtoseconds. For that reason, the light-induced 
collapse of the band gap in VO2 observed in ref. 120 was referred to 
as an ‘instantaneous’ process. We note that attosecond pump–probe 
experiments are becoming increasingly adept at distinguishing these 
seemingly instantaneous electronic phenomena from slower femto-
second processes involving the lattice121. Hence, a broader applica-
tion of attosecond methodology to quantum materials is poised to 
produce significant advances. An added value of this line of research 
is that attosecond pulses also enable damage-free exposure of insu-
lating solids to electric fields of the order of the Zener critical field 
Fcrit = Eg/ea. Ultra-rapid reversible optical waveforms were shown to 
increase the a.c. conductivity of wide-bandgap dielectrics by more 
than 18 orders of magnitude within 1 femtosecond13,122. These experi-
ments open pathways for signal processing in the petahertz domain, 
which is not attainable with common electronics. 

Topological phenomena under control 
Within the Landau paradigm, phases of matter are distinguished by 
their symmetries. However, there exists a finer level of classification 
based not on symmetry, but rather on the topological or entangle-
ment properties of the electronic wavefunction. The latter give rise 
to exotic phases of matter with protected states and anomalous static 
and finite-frequency response functions that stem from geometric 
(Berry) phase effects26,123–126. In this section, we focus on strategies to 
realize topological phenomena on demand by manipulating Berry 
phases associated with linear or quadratic band crossings of the bulk 
electronic structure (Fig. 5). We will not discuss interacting topo-
logical phases such as topological superconductors—a burgeoning 
area of research with potential applications to quantum comput-
ing—because a number of excellent reviews already exist127,128.

Topological insulators. This class of materials can be born from 
trivial insulators by closing the gap in the bulk Dirac spectrum and 
reopening it with inverted orbital character (Fig. 5b). This type of 
trivial-to-topological insulator transition can be achieved via impu-
rity doping, pressure/strain, temperature, heterostructuring/elec-
trostatic-gating, or even optical stimulation, delivering helical edge/
surface states with non-trivial Berry phase on demand4–6,126,129–133.

Quantum anomalous Hall (Chern) insulators. By opening a gap 
in the 2D surface Dirac spectrum of a 3D topological insulator 
through spontaneous time-reversal symmetry breaking and tuning 
the Fermi level to lie inside the surface gap134, one is able to produce 
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a quantum anomalous Hall insulator. This non-trivial phase exhibits 
a quantized Hall conductance e2/h analogous to conventional quan-
tum Hall insulators, but does not require any externally applied 
magnetic field. It has been experimentally shown that a quantum 
anomalous Hall phase135 arises in gated ferromagnetic three-dimen-
sional topological insulator Cry(BixSb1–x)2–yTe3 devices below a Curie 
temperature TC = 15 K where the chiral modes can be switched on 
and off by varying the temperature across TC.

Quantum valley Hall insulators. These materials are gapped one-
dimensional systems that host counter-propagating one-dimen-
sional chiral edges states with opposite valley index. In the absence 
of valley-mixing processes, these edge states are effectively topologi-
cally protected and can be regarded as the valley analogue of a two-
dimensional topological insulator (Fig. 5d). These conditions have 
recently been experimentally realized at the domain walls between 
AB and BA stacked bilayer graphene in the presence of an externally 
applied electric field136, which lifts the degeneracy of its quadratic 
band touching points. By switching the electric field, and in turn the 
bandgap, on and off, chiral valley polarized edge states can be cre-
ated and destroyed controllably. It has been theoretically proposed 
that an even more exotic insulating phase with a single chiral edge 
state can be realized by driving such systems with circularly polar-
ized light137, which breaks the valley degeneracy. This would offer a 
remarkable capability to control both the valley index and direction 
of current via the photon helicity. 

Weyl semimetals. These three-dimensional topological phases of 
matter, unlike all previously mentioned examples in Fig. 5, are gap-
less. They can be realized by splitting a lattice symmetry-protected 
doubly spin degenerate bulk Dirac cone (Dirac semimetal) into 
two singly degenerate Weyl cones either by breaking lattice inver-
sion symmetry or time-reversal symmetry124 (Fig. 5c). Weyl points 
are protected by a topological chiral charge and are connected to 
one another via open arc-like surface states, forming an unusual 
conducting pathway (Weyl orbit) between the top and bottom sur-
faces through the bulk. Recently, spectroscopic evidence of surface 
Fermi arcs124 and magneto-transport evidence of chiral anomalous 
transport and closed Weyl orbits139 have confirmed the existence of 
inversion symmetry broken families of Weyl semimetals. On-going 
efforts to realize their time-reversal broken counterparts via 
Zeeman splitting140, spontaneous magnetization141–144 or even circu-
larly polarized light145 may ultimately enable on-demand switching 
of the Weyl phase by temperature, magnetic field or optical irradia-
tion, and potentially allow controllable positioning of Weyl points 
in momentum space.

Floquet topological states. Floquet engineering has recently been 
successfully applied in ultracold atomic systems to create synthetic 
gauge fields for stabilizing topological band structures in optical lat-
tices78. Although this strategy has yet to be experimentally demon-
strated in condensed-matter systems, theoretical progress is being 
made at a rapid pace. Dynamical engineering protocols for manipu-
lating Berry curvatures in Dirac systems146, transforming trivial 
materials into Floquet topological insulators5,6,130, p-wave supercon-
ductors147, Weyl semimetals145,148, chiral spin liquids149 and quantum 
Hall phases without external magnetic fields4,68,149, eagerly await 
experimental implementation. These endeavours will draw heavily 
from knowledge accumulated in the cold-atom and molecule com-
munity and forge greater synergy with condensed-matter physics. 

Topological plasmons and polaritons. Recently, the aforemen-
tioned strategies for creating topologically protected electronic 
edge/surface states have been extended to other types of excitations. 
For example, chiral plasmons—one-way-propagating collective 
oscillations of the itinerant electron sea—have been proposed to 

occur at the edges of anomalous Hall metals and other multivalley 
conducting media where both time-reversal and inversion symme-
tries are broken27,150. Plasmon-polariton chirality is a direct con-
sequence of non-vanishing Berry curvature in a medium that can 
be induced on demand by driving, for example, valley degenerate 
semiconductors with circularly polarized light. Topological exciton-
polaritons have also been proposed in monolayer TMDs subject to 
a finite magnetic field or circularly polarized optical stimulation151. 
Topological polaritons can be turned off simply by switching off the 
magnetic field or light, or have their propagation reversed by flip-
ping the sign of the magnetic field or light helicity.

Looking into the future
On-demand control of quantum materials is emerging as a vibrant 
area of research offering unprecedented access to new physics. In 
this Review, we described some of the efforts to attain novel phases 
in quantum materials utilizing perturbation protocols in Fig. 2.

At present, state-of-the-art ultrafast methods offer a near-com-
plete characterization of the transient state152. Indeed, tr-ARPES 
provides a direct probe of the transient electronic structure66,67,120,153, 
tabletop and accelerator-based X-ray free-electron lasers readily 
capture momentary crystal arrangements118,154, nonlinear optical 
methods can directly interrogate the symmetries of quantum phases 
and their host lattices30,155–158, while optical and soft X-ray techniques 
document electronic excitations, in some cases with elemental and 
orbital specificity159. Importantly, mesoscopic phenomena that are 
prevalent in quantum materials lead to new time and energy scales, 
as documented in various ultrafast studies110,160. Modern scanning 
optical probe tools are set to dramatically advance our understand-
ing of mesoscopic dynamics, visualizing local transient phenomena 
at nano- and mesoscales161–163. A future challenge is to create ground-
state or continuous-wave-driven steady-state versions of enigmatic 
nano- and mesoscale phenomena currently attainable only in tran-
sient regimes. An appealing proposition is to exploit a combination 
of materials synthesis and heterostructuring to engineer free-energy 
landscapes in order to replicate transient properties. If successful, 
this approach will augment a largely serendipitous approach to 
materials discovery with predictive and targeted searches for new 
systems with desired properties.

Nonlinear phenomena in quantum materials present enticing 
possibilities with as yet untapped potential for properties control. 
Impulsive optical generation of coherent charge, spin or lattice 
normal modes in solids is rapidly advancing. New experiments are 
beginning to explore the possibility of coherently amplifying these 
modes and to dynamically stabilize new electronic phases. A recent 
success is parametric amplification of Josephson plasma waves in 
a cuprate superconductor using strong THz fields46. This approach 
exploits the highly nonlinear response of the plasma to the THz 
electric field. Other sophisticated driving protocols involving simul-
taneous excitation of more than one lattice mode with controlled 
relative phases117, pulse shaping164, multipulse excitation165 or simul-
taneous multicolour optical excitation166 may allow dynamical sta-
bilization of various phases, including Hall and topological states. 
Multidimensional optical spectroscopies remain under-exploited in 
these tasks despite the unmatched ability of these methods to go 
beyond ensemble-averaged properties and their potential to ‘see 
through’ inhomogeneous broadening of resonance lines167. Finally, 
the ability to measure electric-field vacuum fluctuations in the time 
domain may provide new routes to measure and control quantum 
phenomena in materials168.

In tandem with improvements in experimental detection capa-
bilities, theoretical predictions of new forms and phases of quan-
tum matter are becoming increasingly precise6,53,69,104,129,130,151,169,170. 
Theory is indispensable for devising driving protocols to realize new 
quantum phases on demand, beyond the parameter regimes of exist-
ing materials. These include long-sought symmetry-broken phases 
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such as room-temperature superconductors, and new topological 
phases featuring exotic quasiparticles26,124–127,171,172 that lie beyond 
the realm of elementary particle physics. Theory is poised to guide 
the search and classification of new phases that are fundamentally 
non-equilibrium, with the recently discovered discrete time crystal 
being a prime example173,174. With these concerted theoretical and 
experimental efforts, the quantum materials community is on track 
to fully unlock a world of possibilities of on-demand control.

Received 12 May 2017; accepted 22 September 2017; published 
online 25 October 2017
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