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Fig. 2. Transient optical response of photo-excited K3C60 at T = 25 K and T = 
100 K. Reflectivity and complex optical conductivity of K3C60 at equilibrium 
(red) and 1 ps after photo-excitation (blue) with a pump fluence of 1.1 mJ/cm2, 
measured at base temperatures T = 25 K (A.1-3) and T = 100 K (B.1-3). Fits to 
the data are displayed as dashed lines. Those at equilibrium were performed 
with a Drude-Lorentz model, while those for the excited state using a model 
describing the optical response of a superconductor with a gap of 11 meV. The 
band at 55 meV was assumed to stay unaffected.  

 

„Possible	light-induced	superconduc4vity	in	K3C60	at	high	temperature“	
M.	Mitrano	et	al.,	Nature	530,	461	(2016)	
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How to enhance boson-mediated SC? 

•  BCS	theory	–	plain	vanilla	SC	
(weak	coupling)	
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� ⇡ 2~⌦c exp(�1/V0N(EF ))

•  effec5ve	aPrac5on	V0	~	g2/(ħ	Ω)		
•  e-boson	coupling	g	
•  boson	frequency	Ω
•  electronic	DOS	N(EF)	
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CONSPECTUS: Driving phase changes by selective optical excitation of specific
vibrational modes in molecular and condensed phase systems has long been a
grand goal for laser science. However, phase control has to date primarily been
achieved by using coherent light fields generated by femtosecond pulsed lasers at
near-infrared or visible wavelengths.
This field is now being advanced by progress in generating intense femtosecond
pulses in the mid-infrared, which can be tuned into resonance with infrared-active
crystal lattice modes of a solid. Selective vibrational excitation is particularly
interesting in complex oxides with strong electronic correlations, where even
subtle modulations of the crystallographic structure can lead to colossal changes
of the electronic and magnetic properties.
In this Account, we summarize recent efforts to control the collective phase state
in solids through mode-selective lattice excitation. The key aspect of the
underlying physics is the nonlinear coupling of the resonantly driven phonon to other (Raman-active) modes due to lattice
anharmonicities, theoretically discussed as ionic Raman scattering in the 1970s. Such nonlinear phononic excitation leads to
rectification of a directly excited infrared-active mode and to a net displacement of the crystal along the coordinate of all
anharmonically coupled modes. We present the theoretical basis and the experimental demonstration of this phenomenon, using
femtosecond optical spectroscopy and ultrafast X-ray diffraction at a free electron laser.
The observed nonlinear lattice dynamics is shown to drive electronic and magnetic phase transitions in many complex oxides,
including insulator−metal transitions, charge/orbital order melting and magnetic switching in manganites. Furthermore, we show
that the selective vibrational excitation can drive high-TC cuprates into a transient structure with enhanced superconductivity.
The combination of nonlinear phononics with ultrafast crystallography at X-ray free electron lasers may provide new design rules
for the development of materials that exhibit these exotic behaviors also at equilibrium.

■ INTRODUCTION
Coherent optical excitation of infrared-active lattice vibrations
in solids is emerging as a new tool to control the crystal
structure of solids directly and to drive phase transitions
dynamically. Particularly in correlated electronic systems, where
the phase state is determined by the interactions between
charges, orbitals, spins, and the crystal lattice,1 these optically
driven lattice distortions lead to colossal rearrangements in the
electronic and magnetic properties, opening up many
opportunities for applications in ultrafast data processing and
storage. Especially attractive is the ability to switch the
functionality of these solids at high speeds, while minimizing
heating and dissipation.
These advances are related to previous work aimed at driving

chemical reactions by the coherent control of specific molecular
vibrations,2,3 in what is often referred to as “bond selective
chemistry”. However, bond selective chemistry has been often
severely limited by the large atomic motions needed to break or
make chemical bonds. These dynamical distortions inevitably
lead to uncontrolled energy transfer to molecular and bath
modes, an effect typically referred to as internal vibrational
redistribution.4,5 Hence, the applicability of bond selective
control to chemical reactions has so far been limited.

Such limitations are far less important in the solid state. First,
due to cooperativity, the unit cell distortions that accompany a
phase transition are far smaller than the bond dilations and
bond breaking necessary for a chemical reaction. It is not
uncommon to observe enormous changes in the macroscopic
properties of solids for minute lattice distortions, sometimes of
only a few percent of the equilibrium lattice constant. This is
especially true for complex materials, in which electronic
correlations make the collective properties of the solid a highly
nonlinear function of many perturbations. Second, the internal
vibrational redistribution is far less pronounced in crystalline
solids, where translational invariance limits the density of states
of the lattice modes and introduces momentum-conservation
constraints for the decay of vibrational energy.
In this Account, we present some recent advances in this

area. We first discuss how anharmonic energy flow among
different modes is key to atomic structural control. We show
how cubic anharmonicities lead to net displacements of the
crystal lattice. We then summarize some recent experimental
demonstrations for this nonlinear phononics, which involve both
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„Nonlinear	phononics“	
M.	Först	et	al.,	Nature	Physics	7,	854	(2011)	
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Nonlinear phononics as an ultrafast route to
lattice control
M. Först1*, C. Manzoni1†, S. Kaiser1, Y. Tomioka2, Y. Tokura3, R. Merlin4 and A. Cavalleri1*
Two types of coupling between electromagnetic radiation and
a crystal lattice have so far been identified experimentally. The
first is the direct coupling of light to infrared-active vibrations
carrying an electric dipole. The second is indirect, involving
electron–phonon coupling and occurring through excitation of
the electronic system; stimulated Raman scattering1–3 is one
example. A third path, ionic Raman scattering (IRS; refs 4,5),
was proposed 40 years ago. It was posited that excitation
of an infrared-active phonon could serve as the intermediate
state for Raman scattering, a process that relies on lattice
anharmonicities rather than electron–phonon interactions6.
Here, we report an experimental demonstration of IRS using
femtosecond excitation and coherent detection of the lattice
response.We show how this mechanism is relevant to ultrafast
optical control in solids: a rectified phonon field can exert
a directional force onto the crystal, inducing an abrupt
displacement of the atoms from their equilibriumpositions. IRS
opens up a new direction for the optical control of solids in their
electronic ground state7–9, different fromcarrier excitation10–14.

Crystal lattices respond to mid-infrared radiation with oscilla-
tory ionic motions along the eigenvector of the resonantly excited
vibration. Let QIR be the normal coordinate, PIR the conjugate
momentum and �IR the frequency of the relevant infrared-active
mode, which we assume to be non-degenerate, and HIR =N (P2

IR +
�2

IRQ2
IR)/2 its associated lattice energy (N is the number of cells).

For pulses that are short compared with the many-picoseconds
decay time of zone-centre optical phonons15, one can ignore dis-
sipation, and the equation of motion is

Q̈IR +�2
IRQIR = e⇤E0p

M IR
sin(�IRt )F(t )

where e⇤ is the effective charge,MIR is the reducedmass of themode,
E0 is the amplitude of the electric field of the pulse and F is the pulse
envelope. At timesmuch longer than the pulse width

QIR(t )=
Z +1

�1
F(⌧ )d⌧

�
e⇤E0

�IR
p
M IR

cos(�IRt ) (1)

For ionic Raman scattering (IRS), the coupling of the infrared-
active mode to Raman-active modes is described by the Hamilto-
nianHA =�NAQ2

IRQRS, whereA is an anharmonic constant andQRS
is the coordinate of a Raman-active mode, of frequency �RS, which
is also taken to be non-degenerate. Thus, the equation of motion
for the Raman mode is

Q̈RS +�2
RSQRS =AQ2

IR (2)

1Max-Planck Research Group for Structural Dynamics, University of Hamburg, Center for Free Electron Laser Science, 22607 Hamburg, Germany,
2Correlated Electron Engineering Group, AIST, Tsukuba, Ibaraki, 305-8562, Japan, 3Department of Applied Physics, University of Tokyo, Tokyo, 113-8656,
Japan, 4Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1040, USA. †Present address: CNR-IFN Dipartimento di Fisica,
Politecnico di Milano, 20133 Milan, Italy. *e-mail: michael.foerst@mpsd.cfel.de; andrea.cavalleri@mpsd.cfel.de.

Ignoring phonon field depletion, it follows from equation (1) that
excitation of the infrared mode leads to a constant force on the
Raman mode which, for �IR � �RS, undergoes oscillations of
the form

QRS(t )=
A

2�2
RS

Z +1

�1
F(⌧ )d⌧

�2 (e⇤E0)2

MIR�
2
IR
(1�cos�RSt ) (3)

around a new equilibrium position. Hence, the coherent nonlinear
response of the lattice results in rectification of the infrared
vibrational field with the concomitant excitation of a lower-
frequency Raman-active mode.

We stress that equation (2) describes a fundamentally different
process from conventional stimulated Raman scattering16–18, for
which the driving term 4̂ in the equation of motion Q̈RS +
�2

RSQRS =
⌦
4̂

↵
depends only on electron variables (see also

Supplementary Information).
To date, phonon nonlinearities have been evidenced only

by resonantly enhanced second harmonic generation19,20 or by
transient changes in the frequency of coherently excited Raman
modes in certain semimetals at high photoexcitation21. However,
the experimental demonstration of IRS,which offers significant new
opportunities for materials control, is still lacking.

Ultrafast optical experiments were performed on single crystal
La0.7Sr0.3MnO3, synthesized by the floating zone technique and
polished for optical experiments. La0.7Sr0.3MnO3 is a double-
exchange ferromagnet with rhombohedrally distorted perovskite
structure. Enhanced itinerancy of conducting electrons and
relaxation of a Jahn–Teller distortion are observed below the
ferromagnetic Curie temperature TC = 350K (refs 22–24). As
a result of the relatively low conductivity, phonon resonances
are clearly visible in the infrared spectra at all temperatures25.
The sample was held at a base temperature of 14 K, in
its ferromagnetic phase, and was excited using femtosecond
mid-infrared pulses tuned between 9 and 19 µm, at fluences
up to 2mJ cm�2. The pulse duration was determined to be
120 fs across the whole spectral range used here. The time-
dependent reflectivity was measured using 30-fs pulses at a
wavelength of 800 nm.

Figure 1a shows time-resolved reflectivity changes for excitation
at 14.3-µm wavelength at 2-mJ cm�2 fluence, resonant with
the 75-meV (605 cm�1) Eu stretching mode25,26. The sample
reflectivity decreased during the pump pulse, rapidly relaxing into
a long-lived state and exhibiting coherent oscillations at 1.2 THz
(40 cm�1). This frequency corresponds to one of the Eg Raman
modes of La0.7Sr0.3MnO3 associated with rotations of the oxygen
octahedra26,27, as sketched in the figure. Consistent with the Eg
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condensate dynamics 

el-ph	single-par5cle	
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Holstein-Hamiltonian. Our model contains both the re-
tarded pairing interaction mediated by phonons as well
as dissipation of heat into the lattice. The change in
the lattice distortion is modelled by a slow change of
the electronic hopping amplitude J

0

to a smaller value
J

f

. Due to this change the electronic density of states
close to the Fermi-surface is enhance, which results in
an increase equilibrium order parameter �

f

(see Fig. 1).
These equilibrium considerations lead one to expect that
for adiabatic changes of the hopping, the order param-
eter should increase, following the equilibrium phase di-
agram (Fig. 1(b)). In materials [15], typical time scales
for changes of the lattice through nonlinear phonon cou-
pling are fractions of a picosecond, which is a nonadia-
batic change in particular for the slow collective dynam-
ics of the superconducting condensate. Hence, it is an
important open question on which time scales the super-
conducting order parameter �(t) follows the change of
the electronic structure.

In this work, we show that both the slow condensate
dynamics as well as the fast redistribution of excitations
via el-ph scattering provide relevant time scales to the
nonequilibrium dynamics of light-enhanced superconduc-
tivity. At early times, the slow changes of the spectrum
are governed by the time scale set by the initial order
parameter �

0

in particular when one starts close to T

c,0

.
The fast redistribution of excitations due to el-ph scat-
tering becomes important for the thermalization process
at intermediate and long time scales.
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FIG. 2. Light-enhanced superconductivity. (a) Dynam-
ics during (grey shaded area) and after a ⌧ =100 fs ramp
for di↵erent initial equilibrium temperatures (T

c,0

⇡ 135
K). Solid (dashed) lines show the results of the el-ph (BCS)
model and the arrows indicate the final thermal equilibrium
values �

f

. (b) Order parameter change during the ramp,
�

ramp

� �
0

, relative to �
f
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0

(symbols). This change
scales almost linearly with the initial value �

0

(dashed line).
(c) Dependence of final steady state value on ramp duration
⌧ within BCS theory for di↵erent temperatures. Arrows show
the data points for 100 fs ramps corresponding to panel (a).
Dashed line indicates ⌧�
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We describe the electron-phonon dynamics using the

Holstein Hamiltonian (el-ph model)

H =
X
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with fermionic creation operators c

†
k� for dimension-

less momentum k = (k
x

, k

y

) and spin � = ", # on a
two-dimensional square lattice with dispersion ✏(k, t) =
�2J(t)(cos k

x

+ cos k
y

). The explicit time dependence
of the electronic hopping amplitude J(t) mimics a de-
formation of the ionic lattice induced via a nonlinear
coupling to an IR active optical phonon driven by the
THz light pulse [15]. We assume for t < ⌧ a linear
ramp J(t) = J

0

+ (J
f

� J

0

) t

⌧

and for t > ⌧ the con-
stant J(t) = J

f

with initial hopping amplitude J
0

= 0.25
eV, final hopping amplitude J

f

= 0.20 eV, and ramp
time ⌧ ⇡ 100 fs unless denoted otherwise. Throughout
this work, energies are measured in eV, with a conver-
sion to time scales measured in fs via ~ = 0.658 eV⇥fs.
The change of the hopping parameter by 20% is rather
large, but not out of reach for an experimental realization
[15]. In an experiment, the deformation of the lattice will
decay typically on the order of several picoseconds such
that we focus on the dynamics within this time-frame.
The electrons are coupled to di↵erent branches (�) of

phonons with bosonic creation operators b†q,� , energy ⌦
�

,
and electron-phonon coupling strength g

�

. We consider a
dominant optical phonon mode at ⌦

opt

= 0.1 eV, which
induces superconductivity, and a branch of acoustic low-
energy phonons. We use a reference set of electron-
phonon couplings, which we label “1.0 g

2” (see Supple-
ment), and for comparison a set with the same spectrum
but reduced coupling strengths, which we label “0.8 g

2”.
We solve this model in the Migdal-Eliashberg approxi-
mation [49, 50] with a local, self-consistent self-energy for
the electrons, and treat the phonons as an infinite heat
bath at thermal equilibrium. The e↵ective phonon spec-
tra weighted by el-ph coupling (Eliashberg functions) for
“1.0 g

2” and a parameter set without acoustic branch are
shown in the inset to Fig. 4(a). As discussed in the fol-
lowing, the acoustic branch is crucial for thermalization,
since it constitutes an e↵ective energy transfer channel
from the electrons to the ionic lattice.
The time evolution is obtained from the nonequilib-

rium Keldysh Green function formalism. The Green
functions are solutions of the Kadano↵-Baym-Gor’kov
equations, that are solved in integro-di↵erential form
on the Keldysh contour with the algorithm described
in Ref. [51]. Since we use an e↵ective mean-field ap-
proach, we can choose initial conditions that put the
system either in the normal or symmetry-broken state.
Here, we choose the superconducting solution as the
initial state and ignore the possible competing insta-
bility towards charge-density wave order. The super-
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formation of the ionic lattice induced via a nonlinear
coupling to an IR active optical phonon driven by the
THz light pulse [15]. We assume for t < ⌧ a linear
ramp J(t) = J

0

+ (J
f

� J

0

) t

⌧

and for t > ⌧ the con-
stant J(t) = J

f

with initial hopping amplitude J
0

= 0.25
eV, final hopping amplitude J

f

= 0.20 eV, and ramp
time ⌧ ⇡ 100 fs unless denoted otherwise. Throughout
this work, energies are measured in eV, with a conver-
sion to time scales measured in fs via ~ = 0.658 eV⇥fs.
The change of the hopping parameter by 20% is rather
large, but not out of reach for an experimental realization
[15]. In an experiment, the deformation of the lattice will
decay typically on the order of several picoseconds such
that we focus on the dynamics within this time-frame.
The electrons are coupled to di↵erent branches (�) of

phonons with bosonic creation operators b†q,� , energy ⌦
�

,
and electron-phonon coupling strength g

�

. We consider a
dominant optical phonon mode at ⌦

opt

= 0.1 eV, which
induces superconductivity, and a branch of acoustic low-
energy phonons. We use a reference set of electron-
phonon couplings, which we label “1.0 g

2” (see Supple-
ment), and for comparison a set with the same spectrum
but reduced coupling strengths, which we label “0.8 g

2”.
We solve this model in the Migdal-Eliashberg approxi-
mation [49, 50] with a local, self-consistent self-energy for
the electrons, and treat the phonons as an infinite heat
bath at thermal equilibrium. The e↵ective phonon spec-
tra weighted by el-ph coupling (Eliashberg functions) for
“1.0 g

2” and a parameter set without acoustic branch are
shown in the inset to Fig. 4(a). As discussed in the fol-
lowing, the acoustic branch is crucial for thermalization,
since it constitutes an e↵ective energy transfer channel
from the electrons to the ionic lattice.
The time evolution is obtained from the nonequilib-

rium Keldysh Green function formalism. The Green
functions are solutions of the Kadano↵-Baym-Gor’kov
equations, that are solved in integro-di↵erential form
on the Keldysh contour with the algorithm described
in Ref. [51]. Since we use an e↵ective mean-field ap-
proach, we can choose initial conditions that put the
system either in the normal or symmetry-broken state.
Here, we choose the superconducting solution as the
initial state and ignore the possible competing insta-
bility towards charge-density wave order. The super-

Migdal-Eliashberg,	nonequilibrium	Keldysh	Green	func5ons:	
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Hopping ramp 
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Superconductor evolution 

7	

Enhancement	of	SC	
strongly	depends	on	
ini5al	thermal	state	
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Enhancement during ramp 

8	

Order	parameter	enhancement	~Δ0	
determines	5me	scale	on	which	SC	can	be	induced	by	
quasista5c	modifica5on	of	effec5ve	pairing	strength!	
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Superconductor evolution 
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Superconductor evolution 

10	

Dissipa5on	of	energy	to	
phonons	helps	SC	

enhancement	for	fast	
ramps	

dashed:	no	dissipa5on	(BCS	only)	
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Summary 

•  Light-enhanced	superconduc5vity	via	
nonlinear	phononics:	order	parameter	versus	
dissipa5ve	dynamics	
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