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As emergent behaviour in quantum materials—such as 
high-temperature superconductivity and unconventional 
magnetic order—becomes better understood, the attention 

of the condensed-matter community is increasingly turning towards 
the control and manipulation of these phenomena. In many cases, 
the complexity and tunability of these quantum phases descends 
from the strong coupling between different microscopic degrees 
of freedom, and the crystallographic structure plays a crucial role 
in orchestrating these interactions. Hence, over the last several 
decades, a diverse experimental toolbox for manipulating emergent 
quantum properties by engineering a material’s atomic structure has 
been developed.

An overview of some of the established and developing tech-
niques for structural control of quantum materials is displayed in 
Fig. 1. These tools range from strain engineering1 and nanostruc-
turing2 to atomic layer stacking in complex oxides3 and van der 
Waals materials4, and have all demonstrated the capability to induce 
marked changes in a material’s electronic, magnetic and optical 
behaviour by imposing different alterations on their structure. In 
this Perspective, we consider the use of light to design dynamical 
structural distortions, and in particular we highlight the emerging 
field of nonlinear phononics as a versatile entry into the range of 
techniques for executing structural control.

Nonlinear phononics is based on the use of tailored light pulses 
to resonantly drive infrared-active optical phonons to large ampli-
tudes, harnessing the anharmonicities of the crystal lattice to 
induce non-equilibrium atomic structures with desirable features. 
The response of a crystal lattice to a strong, resonant phonon drive 
induces modifications that can be subdivided into two broad cat-
egories. One type of response involves quasistatic deformations 
along one or more structural coordinates, thereby modifying the 
microscopic Hamiltonian of the system on average. A second class 
of dynamical phononic effects derives from the oscillations of the 
structure at vibrational frequencies (and their overtones) and can 
be better captured within the paradigm of Floquet engineering. The 
structural control afforded by the former case is directly comparable 
to the other methods highlighted in Fig. 1, and, to date, most appli-

cations using light to engineer crystal structures have been based on 
this approach.

Recent experiments have demonstrated the power of this method 
to produce and control a wide variety of phases, including super-
conductivity5,6, ferroelectricity7 and magnetism8. Importantly, the 
optically induced atomic motions can break crystal symmetries, and 
in many cases have no equilibrium counterpart. The strength of the 
dynamical structural deformations can even be orders of magni-
tude larger than those achievable using static techniques8. The non-
linear, coherent optical manipulation of the crystal lattice provides 
unique control, not only in terms of the new functionalities that can 
be unlocked, but also because of the ultrafast time scales in which 
they arise, within femto- or picoseconds. In addition, though the 
driven effects are often transient in nature, they can remain meta-
stable in some cases7. In this Perspective, we review the experimental 
and theoretical progress in the field of nonlinear phononics and dis-
cuss future opportunities for dynamical structural control in quan-
tum material systems—including van der Waals materials, correlated 
oxides, heterointerfaces, topological systems and multiferroics.

Nonlinear phononics
We begin by describing the phenomenological theory of nonlin-
ear phononics, which provides a simple framework to understand 
how lattice nonlinearities can be used to rationally engineer crystal 
structures with light9–11. Consider the phonons of a crystal, which 
are the vibrational normal modes representing patterns of atomic 
displacements with well defined frequency and wavevector. The rel-
evant optical modes near the centre of the Brillouin zone (where 
the wavevector is close to zero) typically have eigenfrequencies of 
the order of a few to tens of terahertz in the materials of interest. To 
determine the nonlinear phonon dynamics, we start from the clas-
sical expression for the energy of the crystal lattice written in terms 
of the vibrational modes (for simplicity, we formulate the problem 
in one dimension, but the results are general),

Ulattice =
∑
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1
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i + Vanh + z∗i QiE (t) ,
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where Qi and ωi represent the amplitude and frequency of mode 
i. In this expression, the first term is the kinetic energy of the lat-
tice, the second term represents the harmonic contribution to the 
lattice potential energy, Vanh contains all anharmonic contributions 
including those that couple different phonons, and the last term 
zi*QiE(t) represents the interaction between each phonon and an 
external time-dependent electric field E(t). The quantity zi*, known 
as the Born effective charge, represents the strength of the dipolar 
coupling with mode i.

From the lattice energy, the equations of motion i can be derived, 
providing a set of coupled oscillator equations, one for each mode 
in the crystal:

Q̈ i + γiQ̇i + ω
2
i Qi = Fi,

where a phenomenological damping term γiQ̇i has been added to 
account for dissipation. The response of the lattice is best illustrated 
for centrosymmetric crystals, where a separation exists between 
odd-parity infrared-active (QIR) modes, which possess a dipole and 
couple directly to light, and even-parity Raman-active (QR) modes, 
which only modulate the polarizability of the lattice and, as such, 
do not respond linearly to electromagnetic fields. Infrared-active 
modes have a finite effective charge zi*, so the force term can be 
written as Fi = z∗i E (t)− ∂Vanh

∂QIR
i

, whereas for Raman-active modes 
the electric field does not act directly (zi* = 0), and the only force 
term is Fi = −

∂Vanh
∂QR

i
.

In all crystals, the anharmonic terms have the form

Vanh =
∑

ijk

gijkQiQjQk +
∑

ijkl

hijklQiQjQkQl +…,

where gijk and hijkl are third- and fourth-order anharmonic coupling 
coefficients. Since the lattice energy must obey the full symmetry 
of the crystal, the phonons involved in the anharmonic interactions 
of Vanh are restricted to those whose products are fully symmetric 
with respect to the crystallographic point group. This requirement 
determines which modes may couple to each other, providing selec-
tivity that can be exploited for rational structural control. Reference 9 
contains a discussion of the general symmetry requirements from 
group theoretical considerations.

For example, if we consider the dynamics of only two modes in a 
centrosymmetric crystal, one IR active and the other Raman active, 
the IR mode must appear to even order in the energy since it has 
odd parity, while the Raman mode, having even parity, may appear 
any number of times. Hence, the lowest-order coupling term that 
can enter the energy has the form Vanh = gQIR

2QR. The equations of 
motion then become

Q̈IR + γIRQ̇IR +
(
ω
2
IR + 2gQR

)
QIR = z∗i E (t) ,

Q̈R + γRQ̇R + ω
2
RQR = −gQ2

IR.

Figure 2a illustrates the time evolution for these two modes upon 
resonantly exciting the IR mode by the electric field from an ultra-
short optical pulse. The optical excitation initiates oscillations of QIR 
about its equilibrium position that die out on a timescale related to 
the phonon lifetime (τ ∝ 1/γIR). Note that this QIR motion has zero 
time average, implying that there is no net structural distortion as 
a result of the IR mode dynamics alone (this fact remains true in 
centrosymmetric systems even when higher-order nonlinearities of 
the driven mode, for example Vanh ∝ QIR

4, are considered). On the 
other hand, QR is subjected to a directional driving force, which is 
proportional to QIR

2. This force leads to a rectified displacement of 
QR, in addition to an oscillatory component of QR that rings at its 
own natural frequency and damping rate. The key feature of these 
dynamics is that, due to the anharmonic interaction between the 
phonons, the crystal experiences a net structural distortion along 
the QR mode with a non-zero time average.

As alluded to above, the allowed couplings and resulting struc-
tural distortions are determined by the symmetry of the modes 
involved. Restricting ourselves to singly degenerate modes in cen-
trosymmetric systems, the anharmonic potential Vanh ∝ QIR

2QR only 
allows for coupling to ionic distortions that preserve the point 
symmetry of the crystal (Ag symmetry), limiting the potential of 
this approach for crystal structure engineering. The opportunities 
offered by nonlinear phononics can be substantially broadened if 
we consider either multiply degenerate modes or structures with-
out a centre of inversion, or both. For instance, if a driven IR mode 
is degenerate, or if two IR phonons are simultaneously excited 
with phase-synchronized laser beams, coupling to Raman modes 
of symmetries lower than Ag becomes possible through the gen-
eral third-order coupling term, Vanh ∝ QIR

1 QIR
2 QR. In this case, 

structural deformations that reduce the crystal symmetry can be 
induced by light, as recently demonstrated in refs. 8,9. Moreover, in 
non-centrosymmetric crystals the exclusive distinction between IR- 
and Raman-active modes is lost, and any phonon may carry a dipole 
and/or modulate the polarizability. Hence, it would be possible for 
a non-centrosymmetric crystal to have third-order anharmonic 
terms of the type Vanh ∝ QIR

1 QIR
2 Q3, where Q3 may be IR active, 

Raman active or even silent. In addition, the system could have 
terms of the type Vanh ∝ QIR

3, implying that the average displacement 
of the driven mode QIR ≠ 0, in contrast to the dynamics in the cen-
trosymmetric case shown in Fig. 2a. These examples represent a few 
of the many ways in which one can take advantage of the inherent 
anharmonicity of phonons to engineer crystal structures with light 
through the general framework of nonlinear phononics.
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Fig. 1 | Depiction of the current frontiers in manipulating quantum 
materials via structural control. Heterostructuring of van der Waals 
materials, atomic-scale manipulation of surfaces, strain- and thin-film 
engineering, nano- and micro-patterning represent some of the leading 
experimental approaches researchers use to access and modify the 
structure and the properties of quantum matter.
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Experimental progress
Similarly to the emergence of nonlinear optics after the advent of 
optical lasers, the experimental realization of nonlinear phononics 
has only become possible recently due to new technologies enabling 
the generation of intense mid-infrared and terahertz (THz) fre-
quency pulses with peak electric field amplitudes of the order of 
several megavolts per centimetre (refs. 12–14). The ability to excite 
phonons resonantly with such large fields allows one to overcome 
the small magnitude of anharmonic phonon coupling constants by 
driving large QIR amplitudes. The influence of lattice nonlineari-
ties on the dynamics can then become sizable, providing access to 
non-equilibrium crystal structures.

The first experimental observations of nonlinear phononics 
were reported in 201115,16. Coherent Raman phonons were observed 
in optical reflectivity upon the resonant excitation of an IR mode 
in the ferromagnetic manganite La0.7Sr0.3MnO3. The rectified dis-
placement of the lattice along the Raman mode coordinate was 
subsequently measured by time-resolved X-ray scattering17. These 
experiments confirmed that the anharmonic coupling between IR 
and Raman phonons results in a transient, dynamical deformation 
of the crystal lattice, as described in Fig. 2. Since then, substantial 
progress has been made along two fronts. On the one hand, many 
experimental and theoretical studies have elucidated mechanis-
tic aspects of nonlinear phononics in systems with various sym-
metries and couplings. Such work has shown, for instance, the 

ability to break the crystal symmetry by exciting multiple modes 
simultaneously9,11, the enhancement of energy transfer to coupled 
modes from sum-frequency resonances18–20, and the importance of 
higher-order nonlinearities21 that allow for phonon amplification22 
and interatomic potential mapping in complex solids23,24. On the 
other hand, nonlinear phononics has been applied to a number of 
quantum material systems as a means to strongly and deterministi-
cally modify crystal structures and their associated functional prop-
erties with light6–8,10,11,25–27.

In the context of materials control, the most powerful instances 
of dynamical structural engineering originate from recent experi-
ments demonstrating the realization of non-equilibrium forms of 
order in quantum solids. In some superconducting systems, the 
resonant excitation of infrared-active phonon modes well above 
the critical temperature was shown to induce signatures in the 
optical conductivity akin to the superconducting state. This phe-
nomenon has, for example, been observed in several families of 
underdoped cuprates5,6. In YBa2Cu3O6 + x in particular, the coher-
ent superconducting-like response was found when phonon modes 
corresponding to apical oxygen displacements were driven6,28. The 
resulting transient change in the inter- and intralayer spacings along 
the c axis in YBa2Cu3O6 + x has been suggested as the origin of the 
light-induced phase. This structural distortion is consistent with the 
nonlinear phononic mechanism described in Fig. 2a, based on the 
simple anharmonic interaction term Vanh ∝ QIR

2QR, and arises from 
the displacement of A1g Raman modes that are nonlinearly coupled 
to the driven B1u IR phonon, as shown in Fig. 3a. Resonant excita-
tion of the B1u mode at 17 THz with a peak electric field of the order 
of 10 MV cm−1 can create displacements along the A1g mode coor-
dinate of tens of picometres, corresponding to 10% of the equilib-
rium bond length or more. Although the nature of the light-induced 
superconducting state in this and other systems remains enigmatic, 
experiments have uncovered the exceptional sensitivity of the 
superconducting-like properties to the driven vibrational mode29.

More generally, the formation of long-range ordered phases is 
associated with the breaking of particular symmetries (either crys-
tallographic or time reversal) that may be driven or stabilized by 
light. This was recently demonstrated in the prototypical antiferro-
magnetic crystal CoF2 (ref. 8), as illustrated in Fig. 2b,c. In its equi-
librium state, the F ions impart a tetragonal crystal field on the d 
electrons of Co, splitting the orbitals as shown on the left-hand side 
of Fig. 2c. Laser excitation of two IR modes in CoF2 anharmoni-
cally drives the lattice distortion depicted in Fig. 2b, corresponding 
to the displacement of the B2g Raman phonon, which deforms the 
F octahedra and lowers the symmetry of the crystal. As a result, 
the energy differences between the crystal field orbitals are modi-
fied in the way shown in the middle part of Fig. 2c. Such a crystal 
field modulation leads to a change in the orbital contribution to the 
magnetic moment, which influences the long-range magnetic order 
in CoF2. This effect was used to optically drive the antiferromagnet 
into a ferrimagnetic state, whose induced moment exceeded that 
possible with static strain by two orders of magnitude8. Similarly, 
transient structural deformations are expected to severely modify 
the strength and sign of exchange interactions in other complex 
magnetic materials: phonon-driven switching of magnetic ground 
states was recently demonstrated in the antiferromagnet DyFeO3 
(ref. 30) and has also been predicted for the magnetoelectric Cr2O3 
(ref. 31) as well as the ferromagnetic Mott insulator rare-earth tita-
nates (refs. 32–34). It has also been demonstrated that magnetoelastic 
coupling mediated through phonon excitation can stabilize unique 
ferrimagnetic domain patterns in yttrium iron garnet films (ref. 35).

Beyond magnetism, tailored structural modifications can be 
especially important in systems where crystal field effects strongly 
influence the macroscopic properties, such as in the manganites, 
where orbital symmetry breaking can induce metal–insulator tran-
sitions. In this context, nonlinear phononic control of bond angles 
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Fig. 2 | Distorting crystal structure via nonlinear phononics. a, Plots of 
the amplitude of a phonon coherently driven by an ultrashort laser pulse 
(top), the induced force on the crystal lattice (middle) and the amplitude 
of the resultant structural distortion (bottom) as a function of time for 
the nonlinear phononic process described by Vanh ∝ Q2

IRQR. b, Schematic 
of a possible unit-cell distortion corresponding to the transient response 
from a (corresponding to an octahedral distortion mode of CoF2). c, The 
associated modulation of the d-electron energies due to the change in 
crystal field. We note that one aspect of these dynamics was introduced 
theoretically nearly 50 years ago, discussed in terms of ionic Raman 
scattering72, in which it was predicted that excitation of IR-active optical 
phonons at frequency ωIR would result in QR oscillations and hence in 
inelastic emission of sidebands at ωIR ± ωR. More recently, it has been 
shown that under resonant phonon conditions (ωR = 2ωIR) the oscillating 
component of QR is strongly enhanced and can exceed that driven by the 
usual electronic Raman scattering processes by orders of magnitude18,71.

Nature Physics | VOL 17 | October 2021 | 1087–1092 | www.nature.com/naturephysics 1089

http://www.nature.com/naturephysics


Perspective NATure PHysIcs

and bond lengths has been employed to drive a light-induced insu-
lator–metal transition in doped PrMnO3 through the increase of 
the electronic bandwidth36. In addition, in systems such as ferro-
electrics and multiferroics, where the order parameter is directly 
related to a soft optical phonon with relatively low energy, nonlinear 
phononics provides a natural and efficient approach to steer their 
functionality26.

The quantum paraelectric SrTiO3 offers a paradigmatic example 
in this context. At low temperatures, the material displays signa-
tures of an instability towards ferroelectric ordering, but long-range 
order is prevented by quantum dipolar fluctuations, competing 
instabilities, spatial inhomogeneities, or a combination of these fac-
tors37. In a recent experiment7, resonant driving of a high-frequency 
infrared-active phonon was shown to stabilize a ferroelectric 
phase, characterized by an off-centring of the Ti ion within the 
oxygen octahedron, which breaks the inversion symmetry of the 
paraelectric state, as shown in Fig. 3b. The light-induced phase 
can be explained by considering lattice nonlinearities that couple 
infrared phonons to acoustic deformations. Statically, it is known 
that a small amount of in-plane strain ε suppresses fluctuations and 
favours a ferroelectric ground state in SrTiO3 (ref. 38). The excitation 
of IR phonons to large amplitudes can generate strain through the 
anharmonic interaction term Vanh ∝ QIR

2ε, which mixes the driven 
mode with long-wavelength acoustic modes. The anharmonically 
driven ‘optical strain’ in SrTiO3 could reach up to approximately 
0.2%, enough to result in a light-induced ferroelectric phase, akin to 
that arising from static strain. What makes optically strained SrTiO3 
especially noteworthy with regard to its non-equilibrium properties 
is that the ferroelectricity was found to be metastable, persisting for 
hours or longer after excitation.

A related approach to structural control has explored material 
responses resulting from the direct excitation of low-frequency 
phonons by single-cycle THz pulses, which has proven particularly 

effective in ferroelectrics and magnetic systems. In the context of fer-
roelectrics, where the macroscopic polarization of the system results 
from ‘freezing’ the displacements of a low-frequency polar phonon, 
resonant THz excitation can be used to switch the polarization on 
ultrafast timescales39,40 or initiate collective dynamics of polar vorti-
ces in nanoengineered superlattices41. Li and co-workers42 extended 
this technique to transiently induce a ferroelectric-like state in par-
aelectric SrTiO3 by directly driving the polar displacements of the 
Ti ions with a THz pulse (however, unlike the nonlinear phononic 
experiment described in Fig. 3b, the state lasted only a few pico-
seconds). An additional noteworthy experiment has demonstrated 
control of multiple forms of order via this direct mechanism in 
the multiferroic TbMnO3. In this system, the coupling of the spin 
cycloid magnetic order to a weak ferroelectric polarization leads to 
the existence of a magnetically dressed vibrational mode around 
2 THz, known as an electromagnon. Kubacka et al.43 used X-ray dif-
fraction to show that the spin structure was rotated by the electric 
field of a light pulse resonant with the electromagnon, as displayed 
in Fig. 3c. Direct THz structural control has also been observed in 
systems in which displacements along specific low-frequency pho-
nons are tied to other functional qualities, such as the band gap44 or 
topological character45,46 of a material.

Finally, in some systems, non-resonant THz control has become 
a useful tool to induce non-equilibrium structures and phases47. 
Here, the THz pulse primarily excites electronic degrees of free-
dom, and exploits strong electron–lattice couplings in proximity to 
inherent structural instabilities. This concept was recently used to 
drive a topological phase transition in the Weyl semimetal WTe2 
(ref. 48) (illustrated in Fig. 3d). In this system, two topologically 
distinct crystallographic phases (orthorhombic Td and monoclinic 
1T’) are separated by a shear motion of two WTe2 layers. By taking 
advantage of the dependence of the interlayer coupling strength to 
the carrier density, a transition from the Td to the 1T’ was launched 
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by a THz pulse, which served to accelerate electrons and transiently 
dope the system. This structural transition could be observed by 
ultrafast electron diffraction and leads to the annihilation of the two 
Weyl points in the Td phase. Non-resonant THz pulses have also 
been used to initiate the insulator–metal transition in the correlated 
material VO2 (ref. 49), which takes place through field-assisted car-
rier hopping and subsequent electron–lattice processes. Many pho-
toinduced structural transitions using high-energy optical pulses 
have also been demonstrated over the years (for example, refs. 50–57), 
with the disadvantage that the excitation is non-selective and depos-
its considerable thermal energy into the system.

Prospects for wider materials control
As exemplified by recent experiments realizing theoretical predic-
tions for driven structural phases (Fig. 3)7,8, the optical control of 
condensed matter has now entered a new era of being able to ratio-
nally design non-equilibrium properties. In particular, nonlinear 
phononics has enabled this dynamical engineering by providing 
the selectivity to transform crystal structures and couple to col-
lective excitations in targeted ways. In Table 1, we summarize the 
current taxonomy of nonlinear phononic processes that have been 
predicted or observed so far. Besides those already demonstrated, 
many more functional properties exist that are intimately tied to 
structural modes in particular systems58. Taking advantage of these 
couplings would enable future nonlinear phononic control of topol-
ogy59, superconductivity60, ferroic behaviour in two-dimensional 
materials61 and correlated electronic order (such as charge order, 
nematicity and spin-liquid behaviour)62.

Although the prospects for light-induced structural control are 
extremely promising, some challenges currently limit the broad 
applicability of these techniques. The most important obstacle is the 
reliance on the inherent anharmonic phonon interactions of a given 
crystal to drive specific lattice distortions. While specific modes can 
be isolated by taking advantage of symmetry constraints, the mag-
nitude of the various coupling constants cannot be tuned. Thus, the 
strength of the induced deformations, which IR modes should be 
driven to elicit a particular response, and even which deformation 
will dominate over others are still often unknown until an experi-
ment is carried out. In this regard, first-principles density functional 
theory provides invaluable input for experimentalists by allowing 
one to calculate the various anharmonic coupling constants for a 
given crystal a priori.

To achieve a superior level of control, researchers must move 
towards being able to dictate the coupling between light and struc-
ture. Here, lattice engineering via epitaxial interfaces58, as well as 
externally applied strain1, could offer a path forward. These meth-
ods are well established means to statically modify interatomic  

potentials to achieve new structural and electronic ground states; 
furthermore, they can be used to tune systems close to phase transi-
tions. Combining them with optical techniques could thus create a 
powerful tuning knob for dynamical control, and recent experiments 
have begun to explore this direction63,64. A first step for experimen-
talists and theorists is to get a handle on the influence of interfa-
cial coupling and strain on electron–phonon and phonon–phonon 
interactions in and out of equilibrium. The advent of multidimen-
sional THz spectroscopy65 and time- and momentum-resolved 
scattering probes66–68 provides a route to understand such mode 
couplings in a systematic way.

Another much discussed opportunity is the use of irradiation 
within THz cavities to enhance and modify light–matter interac-
tions in the THz spectral range. Recent proposals based on this con-
cept include the possibility of tuning electron–phonon couplings69 
and controlling nonlinear phononics with cavities70. In particular, 
it was predicted that lattice nonlinearities can be altered through 
hybridization with cavity modes, thus controlling the redistribution 
of energy from the driven IR-active phonon into the other vibra-
tional degrees of freedom of the system.

The overarching goal of nonlinear phononics, as with the other 
tools used for structural control of quantum materials, is to be able 
to engineer tailored properties by design. Compared with current 
established methods, nonlinear phononics offers several unique 
advantages: namely, selectivity of desired structural distortions 
by symmetry, atomic displacements, that can be orders of magni-
tude larger than those achievable statically, fast (femto- or pico-
second) timescales, and the ability to stabilize non-equilibrium 
electronic states. Light also offers unique flexibility, since the tem-
poral and spectral profiles, as well as the polarization of the light, 
can be shaped. Thus, although the field is young, the possibilities for 
dynamically controlling crystal structures with light are, at present, 
limited only by our imagination.
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