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•  stroboscopic	inves5ga5ons	of	dynamic	phenomena	

Muybridge 1887
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•  stroboscopic	inves5ga5ons	of	dynamic	phenomena	

Image courtesy:
J. Sobota / F. Schmitt

TbTe3	CDW	metal	

Simula2ons	of	2me-resolved	ARPES:	PRX	3,	041033	(2013),	PRB	90,	075126	(2014),	
PRB	92,	224517	(2015),	Nature	Commun.	7,	13761	(2016)	
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Image	courtesy:	
D.	Basov	

Understanding	ordered	phases	
§  Collec5ve	oscilla5ons	
§  Compe5ng	orders	

Understanding	the	nature	of	quasipar2cles	
§  Relaxa5on	dynamics	(Lex	Kemper’s	talk	yesterday)	
§  Control	of		couplings	
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Crea2ng	new	states	of	maVer	
§  Floquet	topological	states	
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•  Part	I:	Light-enhanced	electron-phonon	coupling	
	Resonant	excita5on	of	IR	phonon	enhances	electron-phonon	coupling	
	E:	Pomarico	et	al.,	PRB	95,	024304	(2017)	–	experiment	(bilayer	graphene)	
	M.	A.	Sentef,	PRB	95,	205111	(2017)	–	theory	

•  Part	II:	Light-reduced	Hubbard	U	
	 	Nonresonant	laser	driving	reduces	Hubbard	U	in	NiO	

	N.	Tancogne-Dejean	et	al.,	in	prepara2on	–	theory	
	
	

 
How to modify couplings with light 
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M.	Först	et	al.,	Nature	Physics	7,	854	(2011)	

I Resonant excitation of crystal lattice 
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M.	Först	et	al.,	Nature	Physics	7,	854	(2011)	

H = AQIR
2QRS

Rec5fied	phonon	field	èdirec5onal	force	

QRS	

„nonlinear	phononics“	Simplest	model:	classical	dynamics	
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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

854 NATURE PHYSICS | VOL 7 | NOVEMBER 2011 | www.nature.com/naturephysics

LETTERS

PUBLISHED ONLINE: 7 AUGUST 2011 | DOI: 10.1038/NPHYS2055

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

854 NATURE PHYSICS | VOL 7 | NOVEMBER 2011 | www.nature.com/naturephysics

Classical nonlinear phononics 



Max Planck Institute for the Structure and Dynamics of Matter 
8	

Classical nonlinear phononics 

Explains	a	number	of	observed	effects,	e.g.,	
•  structurally	induced	metal-insulator	transi5ons	

	Rini	et	al.,	Nature	449,	72	(2007)	

•  phononic	rec5fica5on	in	YBCO	
	Mankowsky	et	al.,	Nature	516,	71	(2014)	

•  ferroelectric	switching	in	LiNbO3	
	Subedi	et	al.,	Phys.	Rev.	B	89,	220301	(2014)	
	Mankowsky	et	al.,	Phys.	Rev.	Le=.	118,	197601	(2017)	

Classical	mechanis5c	phonon	dynamics	does	not	
explain	all	effects	in	IR-driven	materials.	
examples:		-	light-induced	superconduc5vity	

	 	-	light-enhanced	el-ph	coupling	
...	quantum	nature	of	phonons	important?	
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M.	Mitrano	et	al.,	
Nature	530,	461	(2016)	
Lajce	control	of	reflec5vity	in	K3C60	

Light-induced superconductivity? 

Not	(easily)	explained	by	classical	nonlinear	phononics	
	
Hard	problem!	Involves	ordered-phase	dynamics	and	
nonequilibrium	quantum	many-body	physics	
Kennes,	Millis,	Knap,	Demler,	Murakami,	Eckstein,	
Werner,	Mazza,	Georges,	Fabrizio,	Raines,	Galitskii,	
Sentef,	Kollath,	...		
	
Simpler	ques5on:	what	happens	to	electron-phonon	
coupling	under	IR	driving	in	a	metal?	
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Electrons 
(Fermi gas/liquid) 

Bosons 
(e.g., Einstein phonon) 

Electron-boson 
coupling 

Holstein	model	(minimal	version):	

Σ =

Ω

g	 g	
Migdal-Eliashberg	theory	
boson-mediated	pairing	

N(EF)	
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Idea:	Drive	nonlinearly	coupled	IR-phonon,	analyze	electronic	response	

2

coherent state in Ref. 36,

Ĥ(t) = �J
X

�

(c†1,�c2,� + c†2,�c1,�)

+ g2
X

�,l=1,2

n̂l,�(bl + b†l )
2

+ ⌦
X

l=1,2

b†l bl + F (t)
X

l=1,2

(bl + b†l ), (1)

where J is the electronic hopping matrix element be-

tween sites l = 1, 2, c(†)l,� annihilates (creates) an electron
of spin � =", # on site l with electron number operator
n̂l,� ⌘ c†l,�cl,�, g2 is the nonlinear electron-phonon cou-
pling with bosonic phonon annihilation (creation) opera-

tors b(†)l on site l, ⌦ is the phonon frequency, and F (t) is
a driving field coupling to the phononic position (dipole)
operator x̂l ⌘ bl + b†l . In a generic lattice with inversion
symmetry, the phonon modes to which F (t) couples are
ungerade and thus infrared active, which does not allow
for a linear term and makes the g2 term the lowest order
allowed interaction term for infrared phonons. By multi-
plying out the (bl+b†l )

2 term, one finds that the nonlinear
interaction renormalizes the phonon frequency locally on
site l to ⌦e↵ ⌘ ⌦+2g2hn̂li, where hn̂li ⌘ hn̂l,"+ n̂l,#i = 1
is the average local electronic occupation with electron
number operator n̂l,� ⌘ c†l,�cl,�. The system is driven
out of equilibrium by a time-dependent periodic field

F (t) = F sin(!t), (2)

with laser frequency !.
The time-evolved wave function of the system is com-

puted by starting in the ground state | 0i at time t = 0
and propagating forward in time,

| (t)i = T e�i
´ t
0 H(t0)dt0 | 0i. (3)

In practice we use the commutator-free fourth order
scheme introduced in Ref. 37 to compute the time-
ordered (T ) exponentials, which allows us to use a rel-
atively coarse time step of �t = 0.5 without time dis-
cretization issues. Convergence in the time step size was
checked. The phononic Hilbert space is truncated us-
ing up to 20 phonons per site, and convergence checked.
Signatures of electron-phonon coupling in the electronic
single-particle spectrum are extracted by computing the
time-resolved electronic spectrum38 for site 1 and spin "
with spectral intensity

I(!, t0) = Re

ˆ
dt1 dt2 ei!(t1�t2)st1,t2,⌧ (t0)

⇥
h
h (t2)|c†1,"T e�i

´ t2
t1

H(t)dtc1,"| (t1)i+

+ h (t1)|c1,"T e�i
´ t1
t2

H(t)dtc†1,"| (t2)i
i
, (4)

using the retarded Green’s function. The second and
third lines in Eq. (4) are the lesser and greater Green’s

functions, which contain information about the occupied
and unoccupied spectral intensities, respectively. We em-
ploy a Gaussian probe pulse shape function

st1,t2,�(t0) ⌘
1

2⇡�
e�

(t1�t0)2

2�2 e�
(t2�t0)2

2�2 (5)

centered around probe time t0 with probe duration �.
The duration of the probe pulse plays the role of the
time scale of an e↵ective degree of freedom that “sees”
signatures of e↵ective couplings out of equilibrium.
We set J = 0.15, ⌦ = 0.5, and g2 = �0.05 and prop-

agate the wavefunction from t = 0 to t = 50. For the
given parameters the renormalized phonon frequency is
⌦e↵ = 0.40. We note that this choice of negative g2 is not
mandatory, and the light-induced spectral weight trans-
fer discussed in the following can be observed for positive
g2 as well. However, the present case is particularly in-
teresting, as the phonon is softened by the coupling to
the electrons, and in principle strong driving could also
lead to a dynamical lattice instability in this case. The
probe duration is taken to be � = 8 with center time
t0 = 25.

III. RESULTS

A. Spectral weight transfer
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FIG. 1. Light-induced spectral weight transfer. Single-
particle spectrum for g2 = �0.05 and di↵erent field strengths
F , as indicated. Spectra are shifted vertically for clarity. The
dashed vertical line indicates the peak position of the bonding
state in the undriven case. For the lowest curve, the coherent
part of the spectrum that emerges from the main peaks at
weak driving field is indicated by the grey-shaded area.

Fig. 1 shows the spectral intensity during laser irradi-
ation with slightly o↵-resonant field frequency ! = 0.55
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Response:	
5me-resolved	
spectral	func5on	

PRB	95,	205111	(2017)	
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X

l=1,2

(bl + b†l ), (1)

where J is the electronic hopping matrix element be-

tween sites l = 1, 2, c(†)l,� annihilates (creates) an electron
of spin � =", # on site l with electron number operator
n̂l,� ⌘ c†l,�cl,�, g2 is the nonlinear electron-phonon cou-
pling with bosonic phonon annihilation (creation) opera-

tors b(†)l on site l, ⌦ is the phonon frequency, and F (t) is
a driving field coupling to the phononic position (dipole)
operator x̂l ⌘ bl + b†l . In a generic lattice with inversion
symmetry, the phonon modes to which F (t) couples are
ungerade and thus infrared active, which does not allow
for a linear term and makes the g2 term the lowest order
allowed interaction term for infrared phonons. By multi-
plying out the (bl+b†l )

2 term, one finds that the nonlinear
interaction renormalizes the phonon frequency locally on
site l to ⌦e↵ ⌘ ⌦+2g2hn̂li, where hn̂li ⌘ hn̂l,"+ n̂l,#i = 1
is the average local electronic occupation with electron
number operator n̂l,� ⌘ c†l,�cl,�. The system is driven
out of equilibrium by a time-dependent periodic field

F (t) = F sin(!t), (2)

with laser frequency !.
The time-evolved wave function of the system is com-

puted by starting in the ground state | 0i at time t = 0
and propagating forward in time,

| (t)i = T e�i
´ t
0 H(t0)dt0 | 0i. (3)

In practice we use the commutator-free fourth order
scheme introduced in Ref. 37 to compute the time-
ordered (T ) exponentials, which allows us to use a rel-
atively coarse time step of �t = 0.5 without time dis-
cretization issues. Convergence in the time step size was
checked. The phononic Hilbert space is truncated us-
ing up to 20 phonons per site, and convergence checked.
Signatures of electron-phonon coupling in the electronic
single-particle spectrum are extracted by computing the
time-resolved electronic spectrum38 for site 1 and spin "
with spectral intensity

I(!, t0) = Re

ˆ
dt1 dt2 ei!(t1�t2)st1,t2,⌧ (t0)

⇥
h
h (t2)|c†1,"T e�i

´ t2
t1

H(t)dtc1,"| (t1)i+

+ h (t1)|c1,"T e�i
´ t1
t2

H(t)dtc†1,"| (t2)i
i
, (4)

using the retarded Green’s function. The second and
third lines in Eq. (4) are the lesser and greater Green’s

functions, which contain information about the occupied
and unoccupied spectral intensities, respectively. We em-
ploy a Gaussian probe pulse shape function

st1,t2,�(t0) ⌘
1

2⇡�
e�

(t1�t0)2

2�2 e�
(t2�t0)2

2�2 (5)

centered around probe time t0 with probe duration �.
The duration of the probe pulse plays the role of the
time scale of an e↵ective degree of freedom that “sees”
signatures of e↵ective couplings out of equilibrium.
We set J = 0.15, ⌦ = 0.5, and g2 = �0.05 and prop-

agate the wavefunction from t = 0 to t = 50. For the
given parameters the renormalized phonon frequency is
⌦e↵ = 0.40. We note that this choice of negative g2 is not
mandatory, and the light-induced spectral weight trans-
fer discussed in the following can be observed for positive
g2 as well. However, the present case is particularly in-
teresting, as the phonon is softened by the coupling to
the electrons, and in principle strong driving could also
lead to a dynamical lattice instability in this case. The
probe duration is taken to be � = 8 with center time
t0 = 25.

III. RESULTS

A. Spectral weight transfer
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FIG. 1. Light-induced spectral weight transfer. Single-
particle spectrum for g2 = �0.05 and di↵erent field strengths
F , as indicated. Spectra are shifted vertically for clarity. The
dashed vertical line indicates the peak position of the bonding
state in the undriven case. For the lowest curve, the coherent
part of the spectrum that emerges from the main peaks at
weak driving field is indicated by the grey-shaded area.

Fig. 1 shows the spectral intensity during laser irradi-
ation with slightly o↵-resonant field frequency ! = 0.55

also	cf.	
Kennes	et	al.,	
Nature	Physics	13,	479	(2017)	

electron-occupa5on	dependent	
squeezing	of	the	phonon;	
g2	can	be	posi5ve	or	nega5ve	in	materials	
->	mode	hardening	or	soLening	
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4

pair of time-dependent vertices g(t)g⇤(t0). We notice
that this interpretation of enhanced electron-phonon cou-
pling via a time-nonlocal self-energy is quite natural, but
somewhat di↵erent from the time-local interpretation in
Ref. 36 using a unitary squeezing transformation. Here
we have shown that this self-energy provides a consis-
tent picture for a quantitative understanding of the light-
induced spectral weight transfer.

C. E↵ective attraction
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FIG. 3. Light-enhanced double occupancy. (a) Time
evolution of the local phonon coordinate hx̂1(t)i = hx̂2(t)i
for di↵erent field strengths, see legend in (b). The grey curve
shows the driving field for the case of F = 0.30. (b) Time evo-
lution of double occupancy

P
l=1,2hn̂l,"(t)n̂l,#(t)i for di↵erent

field strengths as indicated. Vertical lines show correspond-
ing equilibrium values for g2 = �0.05 and attractive U as
indicated. (c) The double occupancy subtracting an e↵ective
disorder contribution from the g2n̂l2b

†
l bl term, as explained

in the main text.

Having established an increased �, we now demon-
strate that this also leads to an enhancement of double
occupancy, mimicking the e↵ect of light-induced electron-
electron attraction. In Fig. 3(a) the time-dependent
driving field is shown together with the time evolution
of the local phonon coordinate. Clearly, as discussed
above, after a few cycles the phonon shows forced oscil-
lations following the external field, justifying the coher-
ent phonon mean-field picture used above to explain the
light-enhanced electron-phonon coupling e↵ect. Then in
Fig. 3(b) we show the double occupancy as a function
of time for di↵erent field strengths. For noninteracting
electrons, the bare value of the double occupancy for the
two-site model is 0.5, and it is bounded between 0 and
1. In the undriven case, this value is slightly enhanced
since g2 = �0.05 already leads to a slight e↵ective attrac-
tion. This e↵ective attraction is clearly enhanced in the
driven system, and values in excess of 0.8 are achieved
for the driving field intensities used here. Some part of
this doublon production may be due to the indirect ex-
citation of the electronic subsystem via electron-phonon
coupling, but one has to bear in mind that a random elec-
tronic configuration has a value of 0.5 on average, which
is also the high-temperature limiting value in a thermal
ensemble. Therefore double occupancies far in excess of
0.5 indicate that the system is correlated with e↵ective
negative U rather than simply excited.

At this point, however, one should mention that the
role of the g2 terms in the Hamiltonian is twofold, as
pointed out first in Ref. 36: (i) there are phonon ab-
sorption and emission terms that lead to incoherence
and electron-phonon coupling e↵ects; (ii) the local term
g2n̂l2b

†
l bl acts like an e↵ective “disorder” contribution

that localizes the electrons. This can be understood
by envisioning the phonons not in a number eigenstate
of b†l bl on all sites, but rather in a coherent state, as
is apparently the case (Fig. 3(a)). Then the electrons
“see” di↵erent onsite potentials on di↵erent sites from
the phonon number fluctuations, hence a disorder-like
potential. The ensuing localization e↵ect also leads to
an enhanced double occupancy, as does the e↵ective at-
traction stemming from the phonon emission and absorp-
tion terms. In order to separate the e↵ects, computa-
tions were performed without the emission and absorp-
tion terms in the Hamiltonian, retaining only the disor-
der term. The light-induced double occupancy contribu-
tion from this disorder contribution was subtracted from
the data in Fig. 3(b), and the resulting net double oc-
cupancy from the e↵ective attraction term is shown in
Fig. 3(c). Clearly, there is a net enhancement of the dou-
ble occupancy that first increases with stronger fields,
but then decreases and eventually even drops below the
initial value for longer times (black curve). This implies
that the light-induced e↵ective attraction e↵ect is eventu-
ally suppressed and light-induced localization takes over.
This result is consistent with the findings by Kennes et
al.36.

Overall, the enhancement of double occupancy for

enhancement	of	local	electronic	
double	occupancy	
	
sum	of	two	effects:	
induced	disorder	(cf.	Kennes)	
	
	
induced	el-el	a=rac5on	
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2

coherent state in Ref. 36,

Ĥ(t) = �J
X

�

(c†1,�c2,� + c†2,�c1,�)

+ g2
X

�,l=1,2

n̂l,�(bl + b†l )
2

+ ⌦
X

l=1,2

b†l bl + F (t)
X

l=1,2

(bl + b†l ), (1)

where J is the electronic hopping matrix element be-

tween sites l = 1, 2, c(†)l,� annihilates (creates) an electron
of spin � =", # on site l with electron number operator
n̂l,� ⌘ c†l,�cl,�, g2 is the nonlinear electron-phonon cou-
pling with bosonic phonon annihilation (creation) opera-

tors b(†)l on site l, ⌦ is the phonon frequency, and F (t) is
a driving field coupling to the phononic position (dipole)
operator x̂l ⌘ bl + b†l . In a generic lattice with inversion
symmetry, the phonon modes to which F (t) couples are
ungerade and thus infrared active, which does not allow
for a linear term and makes the g2 term the lowest order
allowed interaction term for infrared phonons. By multi-
plying out the (bl+b†l )

2 term, one finds that the nonlinear
interaction renormalizes the phonon frequency locally on
site l to ⌦e↵ ⌘ ⌦+2g2hn̂li, where hn̂li ⌘ hn̂l,"+ n̂l,#i = 1
is the average local electronic occupation with electron
number operator n̂l,� ⌘ c†l,�cl,�. The system is driven
out of equilibrium by a time-dependent periodic field

F (t) = F sin(!t), (2)

with laser frequency !.
The time-evolved wave function of the system is com-

puted by starting in the ground state | 0i at time t = 0
and propagating forward in time,

| (t)i = T e�i
´ t
0 H(t0)dt0 | 0i. (3)

In practice we use the commutator-free fourth order
scheme introduced in Ref. 37 to compute the time-
ordered (T ) exponentials, which allows us to use a rel-
atively coarse time step of �t = 0.5 without time dis-
cretization issues. Convergence in the time step size was
checked. The phononic Hilbert space is truncated us-
ing up to 20 phonons per site, and convergence checked.
Signatures of electron-phonon coupling in the electronic
single-particle spectrum are extracted by computing the
time-resolved electronic spectrum38 for site 1 and spin "
with spectral intensity

I(!, t0) = Re

ˆ
dt1 dt2 ei!(t1�t2)st1,t2,⌧ (t0)

⇥
h
h (t2)|c†1,"T e�i

´ t2
t1

H(t)dtc1,"| (t1)i+

+ h (t1)|c1,"T e�i
´ t1
t2

H(t)dtc†1,"| (t2)i
i
, (4)

using the retarded Green’s function. The second and
third lines in Eq. (4) are the lesser and greater Green’s

functions, which contain information about the occupied
and unoccupied spectral intensities, respectively. We em-
ploy a Gaussian probe pulse shape function

st1,t2,�(t0) ⌘
1

2⇡�
e�

(t1�t0)2

2�2 e�
(t2�t0)2

2�2 (5)

centered around probe time t0 with probe duration �.
The duration of the probe pulse plays the role of the
time scale of an e↵ective degree of freedom that “sees”
signatures of e↵ective couplings out of equilibrium.
We set J = 0.15, ⌦ = 0.5, and g2 = �0.05 and prop-

agate the wavefunction from t = 0 to t = 50. For the
given parameters the renormalized phonon frequency is
⌦e↵ = 0.40. We note that this choice of negative g2 is not
mandatory, and the light-induced spectral weight trans-
fer discussed in the following can be observed for positive
g2 as well. However, the present case is particularly in-
teresting, as the phonon is softened by the coupling to
the electrons, and in principle strong driving could also
lead to a dynamical lattice instability in this case. The
probe duration is taken to be � = 8 with center time
t0 = 25.

III. RESULTS

A. Spectral weight transfer
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FIG. 1. Light-induced spectral weight transfer. Single-
particle spectrum for g2 = �0.05 and di↵erent field strengths
F , as indicated. Spectra are shifted vertically for clarity. The
dashed vertical line indicates the peak position of the bonding
state in the undriven case. For the lowest curve, the coherent
part of the spectrum that emerges from the main peaks at
weak driving field is indicated by the grey-shaded area.

Fig. 1 shows the spectral intensity during laser irradi-
ation with slightly o↵-resonant field frequency ! = 0.55

Reduced	coherence	peaks	
with	stronger	driving	
	
light-enhanced	el-ph	
coupling	

light-induced	polaron	forma5on	

PRB	95,	205111	(2017)	

2-phonon	shakeoff	

Here:	g2=-0.05	<	0	
(does	not	ma=er	for	light-enhanced	coupling)	
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PRB	95,	024304	(2017)	
enhanced	electron-phonon	for	pump	on	resonance	with	IR	
phonon	
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PRB	95,	024304	(2017)	

3-fold	enhancement	of	effec5ve	λel-ph!		
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Coherence	peak	weight	loss:	propor5onal	to	field	
intensity	F^2	consistent	with	experiments	

3

and field strengths F = 0.00 . . . 0.30 as indicated. In the
undriven case (top), there are dominant spectral lines
corresponding to the bonding and antibonding states,
with energy position of the bonding state indicated by
the vertical dashed line. One can also see faint two-
phonon sidepeaks roughly 2⌦e↵ = 0.80 below and above
the main peaks, respectively. As the field is turned on,
the main peaks broaden and lose spectral weight. At the
same time they also shift down in energy. This line shift
stems mainly from the local electronic energy contribu-
tion g2n̂lh2b†l bl + 1i < 0 (for g2 < 0), which increases in
magnitude approximately linearly with F , as more en-
ergy is pumped into the phonons when F increases. For
the strongest drivings, one clearly sees the emergence of
incoherent spectral weight and strongly reduced coherent
peaks, indicating dynamical polaron formation via spec-
tral weight transfer. By varying the driving frequency,
we have checked that the additional peaks in the inco-
herent part of the spectrum are not Floquet sidepeaks30

but really incoherent spectral weight related to electron-
phonon coupling. We also note that spectral redistri-
bution in pump-probe experiments was investigated in
Refs. 39 and 40 for electronically driven systems. In
stark contrast to the present work, it was found that elec-
tronically driven systems usually look “less correlated”
rather than “more correlated” compared to thermal equi-
librium.

B. Field scaling
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FIG. 2. Field intensity scaling. Spectral weight loss in
the coherent peaks, extracted by fitting a sum of Gaussians
to the corresponding peaks, as a function of field intensity
F

2 at fixed g2 = �0.05 and two di↵erent driving frequencies
! = 0.55 and ! = 0.50, respectively. The straight lines are
guides to the eye.

Having demonstrated that a driven nonlinearly cou-
pled phonon leads to coherence-incoherence phenomena

in the time-resolved electronic spectra, we now investi-
gate quantitative aspects of the laser-induced spectral
redistribution. To this end, we fit a pair of Gaussians
to the coherent part of the spectrum, as shown in one
example in Fig. 1 for the lowest curve. We subtract the
fitted spectral weight from the one at F = 0 and obtain
the spectral weight loss shown in Fig. 2 as a function of
the pump field intensity F 2 for two di↵erent driving fre-
quencies. This spectral weight loss is proportional to the
coherent quasiparticle weight (Z) that is renormalized
from its value Z0 at F = 0. Using that the loss Z0 � Z
is proportional to � � �0, the enhancement of e↵ective
dimensionless electron-phonon coupling �, a proportion-
ality that holds at weak coupling. Apparently Fig. 2
suggests

�� �0 / F 2, (6)

where �0 is the dimensionless electron-phonon coupling
at zero field. Only at the strongest fields considered, we
observe a saturation e↵ect deviating from linear behavior,
which is expected since the maximal spectral weight loss
is bounded (for two electrons, 2Z 2 [0, 2]) and the linear
behavior of the spectral weight loss with e↵ective � only
holds at small �. Keeping in mind the uncertainty that
comes with the fitting of quasiparticle spectral weight,
the linear scaling at not too strong fields leads us to pre-
dict a linear scaling of light-enhanced electron-phonon
coupling with the driving field intensity or, equivalently,
the pump fluence in a pump-probe experiment. One can
also see in Fig. 2 that the e↵ect is stronger as the driv-
ing frequency ! moves closer to the resonance frequency
⌦e↵ = 0.40.

We now seek a minimal explanation for the observed
scaling behavior. To this end, we first notice that a
driven mode is expected to approach coherent state with
well-defined phonon coordinate exhibiting quasi-classical
forced oscillations hx̂l(t)i / F sin(!t), described by bo-
son coherent states. A mean-field decoupling yields
⌦e↵ = ⌦+2g2hn̂li and an interaction term g2n̂l(blhbl(t)i+
b†l hb

†
l (t)i, with oscillating mean fields hbl(t)i and hb†l (t)i

such that hbl(t) + b†l (t)i / F sin(!t). In the mean-field
picture, the interaction looks like a linear interaction with
a time-dependent interaction vertex that scales linearly in
g2, and via the coherent-phonon mean fields also linearly
in F .

In many-body perturbation theory, the lowest-order
time-nonlocal self-energy contribution is the first Born
approximation, or Migdal diagram,

⌃(t, t0) = ig(t)g⇤(t0)G(t, t0)D(t, t0), (7)

where we have dropped site and spin indices and in-
troduced the local electronic Green’s function G(t, t0) ⌘
�ihTCc(t)c†(t0)i and phonon Green’s function D(t, t0) ⌘
�ihTCx̂(t)x̂(t0)i on the three-branch Kadano↵-Baym-
Keldysh contour C with contour-time ordering TC . From
this Migdal diagram one can see that the above F 2

scaling is indeed explained via the F 2 scaling of the

Theory	 Data	by	E.	Pomarico,	
unpublished	

PRB	95,	205111	(2017)	
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Σ =

g(t)	 g(t)	
Migdal-Eliashberg	diagram	

LIGHT-ENHANCED ELECTRON-PHONON COUPLING FROM . . . PHYSICAL REVIEW B 95, 205111 (2017)

 0

 2

 4

 6

 8

 10

-2 -1.5 -1 -0.5  0  0.5  1

S
pe

ct
ra

l I
nt

en
si

ty
 I(

ω ,
t 0

)

Energy ω

F=0.00
F=0.05
F=0.10
F=0.15
F=0.20
F=0.25
F=0.30

FIG. 1. Light-induced spectral weight transfer. Single-particle
spectrum for g2 = −0.05 and different field strengths F , as indicated.
Spectra are shifted vertically for clarity. The dashed vertical line
indicates the peak position of the bonding state in the undriven
case. For the lowest curve, the coherent part of the spectrum that
emerges from the main peaks at weak driving field is indicated by the
gray-shaded area.

B. Field scaling

Having demonstrated that a driven nonlinearly coupled
phonon leads to coherence-incoherence phenomena in the
time-resolved electronic spectra, we now investigate quanti-
tative aspects of the laser-induced spectral redistribution. To
this end, we fit a pair of Gaussians to the coherent part of the
spectrum, as shown in one example in Fig. 1 for the lowest
curve. We subtract the fitted spectral weight from the one at
F = 0 and obtain the spectral weight loss shown in Fig. 2
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FIG. 2. Field intensity scaling. Spectral weight loss in the coher-
ent peaks, extracted by fitting a sum of Gaussians to the corresponding
peaks, as a function of field intensity F 2 at fixed g2 = −0.05 and two
different driving frequencies ω = 0.55 and ω = 0.50, respectively.
The straight lines are guides to the eye.

as a function of the pump field intensity F 2 for two different
driving frequencies. This spectral weight loss is proportional
to the coherent quasiparticle weight (Z) that is renormalized
from its value Z0 at F = 0. The loss Z0 − Z is proportional
to λ − λ0 at weak coupling, which implies an enhancement
of the dimensionless electron-phonon coupling λ. Apparently
Fig. 2 suggests

λ − λ0 ∝ F 2, (7)

where λ0 is the dimensionless electron-phonon coupling at
zero field. Only at the strongest fields considered do we
observe a saturation effect deviating from linear behavior,
which is expected since the maximal spectral weight loss
is bounded (for two electrons, 2Z ∈ [0,2]) and the linear
behavior of the spectral weight loss with effective λ only holds
at small λ. Keeping in mind the uncertainty that comes with
the fitting of quasiparticle spectral weight, the linear scaling
at not too strong fields leads us to predict a linear scaling of
light-enhanced electron-phonon coupling with the driving field
intensity or, equivalently, the pump fluence in a pump-probe
experiment. One can also see in Fig. 2 that the effect is stronger
as the driving frequency ω moves closer to the resonance
frequency #eff = 0.40.

We now seek a minimal explanation for the observed scaling
behavior. To this end, we first notice that a driven mode is
expected to approach a coherent state with a well-defined
phonon coordinate exhibiting quasiclassical forced oscilla-
tions ⟨x̂l(t)⟩ ∝ F sin(ωt), described by boson coherent states.
A mean-field decoupling yields #eff = # + 2g2⟨n̂l⟩ and an
interaction term g2n̂l(bl⟨bl(t)⟩ + b

†
l ⟨b

†
l (t)⟩), with oscillating

mean fields ⟨bl(t)⟩ and ⟨b†l (t)⟩ such that ⟨bl(t) + b
†
l (t)⟩ ∝

F sin(ωt). In the mean-field picture, the interaction resembles
a linear interaction with a time-dependent interaction vertex
that scales linearly in g2, and via the coherent-phonon mean
fields also linearly in F .

In many-body perturbation theory, the lowest-order time-
nonlocal self-energy contribution is the first Born approxima-
tion, or Migdal diagram,

$(t,t ′) = ig(t)g∗(t ′)G(t,t ′)D(t,t ′), (8)

where we have dropped site and spin indices and introduced the
local electronic Green’s function G(t,t ′) ≡ −i⟨TCc(t)c†(t ′)⟩
and phonon Green’s function D(t,t ′) ≡ −i⟨TC x̂(t)x̂(t ′)⟩ on
the three-branch Kadanoff-Baym-Keldysh contour C with
contour-time ordering TC . From this Migdal diagram one can
see that the above F 2 scaling is indeed explained via the F 2

scaling of the pair of time-dependent vertices g(t)g∗(t ′). We
notice that this interpretation of enhanced electron-phonon
coupling via a time-nonlocal self-energy is quite natural, but
somewhat different from the time-local interpretation in Ref.
[37] using a unitary squeezing transformation. Here, we have
shown that this self-energy provides a consistent picture for a
quantitative understanding of the light-induced spectral weight
transfer.

C. Effective attraction

Having established an increased λ, we now demonstrate that
this also leads to an enhancement of double occupancy, mim-
icking the effect of light-induced electron-electron attraction.
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case. For the lowest curve, the coherent part of the spectrum that
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B. Field scaling

Having demonstrated that a driven nonlinearly coupled
phonon leads to coherence-incoherence phenomena in the
time-resolved electronic spectra, we now investigate quanti-
tative aspects of the laser-induced spectral redistribution. To
this end, we fit a pair of Gaussians to the coherent part of the
spectrum, as shown in one example in Fig. 1 for the lowest
curve. We subtract the fitted spectral weight from the one at
F = 0 and obtain the spectral weight loss shown in Fig. 2
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ent peaks, extracted by fitting a sum of Gaussians to the corresponding
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different driving frequencies ω = 0.55 and ω = 0.50, respectively.
The straight lines are guides to the eye.

as a function of the pump field intensity F 2 for two different
driving frequencies. This spectral weight loss is proportional
to the coherent quasiparticle weight (Z) that is renormalized
from its value Z0 at F = 0. The loss Z0 − Z is proportional
to λ − λ0 at weak coupling, which implies an enhancement
of the dimensionless electron-phonon coupling λ. Apparently
Fig. 2 suggests

λ − λ0 ∝ F 2, (7)

where λ0 is the dimensionless electron-phonon coupling at
zero field. Only at the strongest fields considered do we
observe a saturation effect deviating from linear behavior,
which is expected since the maximal spectral weight loss
is bounded (for two electrons, 2Z ∈ [0,2]) and the linear
behavior of the spectral weight loss with effective λ only holds
at small λ. Keeping in mind the uncertainty that comes with
the fitting of quasiparticle spectral weight, the linear scaling
at not too strong fields leads us to predict a linear scaling of
light-enhanced electron-phonon coupling with the driving field
intensity or, equivalently, the pump fluence in a pump-probe
experiment. One can also see in Fig. 2 that the effect is stronger
as the driving frequency ω moves closer to the resonance
frequency #eff = 0.40.

We now seek a minimal explanation for the observed scaling
behavior. To this end, we first notice that a driven mode is
expected to approach a coherent state with a well-defined
phonon coordinate exhibiting quasiclassical forced oscilla-
tions ⟨x̂l(t)⟩ ∝ F sin(ωt), described by boson coherent states.
A mean-field decoupling yields #eff = # + 2g2⟨n̂l⟩ and an
interaction term g2n̂l(bl⟨bl(t)⟩ + b

†
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†
l (t)⟩), with oscillating

mean fields ⟨bl(t)⟩ and ⟨b†l (t)⟩ such that ⟨bl(t) + b
†
l (t)⟩ ∝

F sin(ωt). In the mean-field picture, the interaction resembles
a linear interaction with a time-dependent interaction vertex
that scales linearly in g2, and via the coherent-phonon mean
fields also linearly in F .

In many-body perturbation theory, the lowest-order time-
nonlocal self-energy contribution is the first Born approxima-
tion, or Migdal diagram,

$(t,t ′) = ig(t)g∗(t ′)G(t,t ′)D(t,t ′), (8)

where we have dropped site and spin indices and introduced the
local electronic Green’s function G(t,t ′) ≡ −i⟨TCc(t)c†(t ′)⟩
and phonon Green’s function D(t,t ′) ≡ −i⟨TC x̂(t)x̂(t ′)⟩ on
the three-branch Kadanoff-Baym-Keldysh contour C with
contour-time ordering TC . From this Migdal diagram one can
see that the above F 2 scaling is indeed explained via the F 2

scaling of the pair of time-dependent vertices g(t)g∗(t ′). We
notice that this interpretation of enhanced electron-phonon
coupling via a time-nonlocal self-energy is quite natural, but
somewhat different from the time-local interpretation in Ref.
[37] using a unitary squeezing transformation. Here, we have
shown that this self-energy provides a consistent picture for a
quantitative understanding of the light-induced spectral weight
transfer.

C. Effective attraction

Having established an increased λ, we now demonstrate that
this also leads to an enhancement of double occupancy, mim-
icking the effect of light-induced electron-electron attraction.
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B. Field scaling

Having demonstrated that a driven nonlinearly coupled
phonon leads to coherence-incoherence phenomena in the
time-resolved electronic spectra, we now investigate quanti-
tative aspects of the laser-induced spectral redistribution. To
this end, we fit a pair of Gaussians to the coherent part of the
spectrum, as shown in one example in Fig. 1 for the lowest
curve. We subtract the fitted spectral weight from the one at
F = 0 and obtain the spectral weight loss shown in Fig. 2
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as a function of the pump field intensity F 2 for two different
driving frequencies. This spectral weight loss is proportional
to the coherent quasiparticle weight (Z) that is renormalized
from its value Z0 at F = 0. The loss Z0 − Z is proportional
to λ − λ0 at weak coupling, which implies an enhancement
of the dimensionless electron-phonon coupling λ. Apparently
Fig. 2 suggests

λ − λ0 ∝ F 2, (7)

where λ0 is the dimensionless electron-phonon coupling at
zero field. Only at the strongest fields considered do we
observe a saturation effect deviating from linear behavior,
which is expected since the maximal spectral weight loss
is bounded (for two electrons, 2Z ∈ [0,2]) and the linear
behavior of the spectral weight loss with effective λ only holds
at small λ. Keeping in mind the uncertainty that comes with
the fitting of quasiparticle spectral weight, the linear scaling
at not too strong fields leads us to predict a linear scaling of
light-enhanced electron-phonon coupling with the driving field
intensity or, equivalently, the pump fluence in a pump-probe
experiment. One can also see in Fig. 2 that the effect is stronger
as the driving frequency ω moves closer to the resonance
frequency #eff = 0.40.

We now seek a minimal explanation for the observed scaling
behavior. To this end, we first notice that a driven mode is
expected to approach a coherent state with a well-defined
phonon coordinate exhibiting quasiclassical forced oscilla-
tions ⟨x̂l(t)⟩ ∝ F sin(ωt), described by boson coherent states.
A mean-field decoupling yields #eff = # + 2g2⟨n̂l⟩ and an
interaction term g2n̂l(bl⟨bl(t)⟩ + b

†
l ⟨b

†
l (t)⟩), with oscillating

mean fields ⟨bl(t)⟩ and ⟨b†l (t)⟩ such that ⟨bl(t) + b
†
l (t)⟩ ∝

F sin(ωt). In the mean-field picture, the interaction resembles
a linear interaction with a time-dependent interaction vertex
that scales linearly in g2, and via the coherent-phonon mean
fields also linearly in F .

In many-body perturbation theory, the lowest-order time-
nonlocal self-energy contribution is the first Born approxima-
tion, or Migdal diagram,

$(t,t ′) = ig(t)g∗(t ′)G(t,t ′)D(t,t ′), (8)

where we have dropped site and spin indices and introduced the
local electronic Green’s function G(t,t ′) ≡ −i⟨TCc(t)c†(t ′)⟩
and phonon Green’s function D(t,t ′) ≡ −i⟨TC x̂(t)x̂(t ′)⟩ on
the three-branch Kadanoff-Baym-Keldysh contour C with
contour-time ordering TC . From this Migdal diagram one can
see that the above F 2 scaling is indeed explained via the F 2

scaling of the pair of time-dependent vertices g(t)g∗(t ′). We
notice that this interpretation of enhanced electron-phonon
coupling via a time-nonlocal self-energy is quite natural, but
somewhat different from the time-local interpretation in Ref.
[37] using a unitary squeezing transformation. Here, we have
shown that this self-energy provides a consistent picture for a
quantitative understanding of the light-induced spectral weight
transfer.

C. Effective attraction

Having established an increased λ, we now demonstrate that
this also leads to an enhancement of double occupancy, mim-
icking the effect of light-induced electron-electron attraction.
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5me-dependent	vertex,	amplitude	g^2	~	F^2	
=>	light-induced	coupling,	lambda	scales	~	F^2	

effec5ve	induced	linear	coupling	



Max Planck Institute for the Structure and Dynamics of Matter 

Summary I 

•  enhanced	electron-phonon	coupling	in	
phononically	driven	bilayer	graphene		

18	

PRB	95,	024304	(2017)	

E.	Pomarico 						I.	Gierz	 	A.	Cavalleri	
	
	
	

PRB	95,	205111	(2017)	

•  theore5cal	proposal:	nonlinear	el-ph	coupling	
as	mechanism	behind	this	enhancement	

Exact solution of electron-phonon model system: 
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II Dynamical modification of Hubbard U 

Can	we	drive	a	charge-transfer	insulator	toward		
Mo=	insulator?	

Zaanen-Sawatzky-Allen	phase	diagram	

reduce	U	with	laser?	
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NiO as prototypical charge-transfer insulator 

20	

NiO:	
	
An5ferromagne5c	type	2	
	
Band	gap:		~4	eV	(exp.)	
	
Néel	temperature:	523K	
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Time-dependent U with TDDFT+U 

21	

DFT	with	ab	ini5o	and	self-consistent	Hubbard	U	(Hybrid	func5onal)	
	
	
	
	
	
	
	
	
	
	
	
•  alterna5ve	to	constrained	RPA	
•  numerically	efficient	
•  direct	extension	to	5me-dependent	case	(adiaba5c	approxima5on)	

ACBN0	func5onal		
PRX	5,011006	(2015)	

Double	coun5ng	Electron-electron	interac5on	

Usual	expression	in	DFT+U		

Coulomb	integrals	occupa5ons	
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Ultrafast modification of Hubbard U in NiO 

22	

strong	subresonant	(0.43	eV)	
laser	excita5on:	
	->	high	field	strength	without	
damage	
		
	
U	reduces	during	the	25	fs		
laser	pulse	
	
Stronger	decrease	for	stronger	
field	strength	

Typical	intensi5es	in	strong	field	physics	in	solids	
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Reduction of U: mechanism 

23	

U	measures	the	Coulomb	interac5on	
screened	by	i5nerant	electrons	
	
Laser	excites	electrons	from	occupied	
localized	orbitals	(3d	of	Ni	and	2p	of	O)	
	
	
	
	
	
	
	
	
	

Demagne5za5on	of	Ni	atoms		

•  Polariza5on	of	i5nerant	electrons	increases	
•  Enhanced	screening	
•  Decrease	of	U	
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Summary II 

•  Ultrafast	reduc5on	of	Hubbard	U	in	NiO	via	induced	
extra	screening	

•  Towards	light-induced	Mo=	insulators?	

24	

N.	Tancogne-Dejean	et	al.,	in	prepara2on	

N.	Tancogne-Dejean 	A.	Rubio	

reduce	U	with	laser!	
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Summary & Outlook 

Ultrafast	laser	engineering	of	
•  band	structure,	topology	(Floquet)	
	
•  electron-phonon	coupling	(quantum	
nonlinear	phononics)	

•  Hubbard	U	(strong	subresonant	
excita5ons	in	correlated	insulators)	

	
•  superconduc5vity	

25	

Nature	Commun.	6,	7047	(2015)	
Nature	Commun.	8,	13940	(2017)	

2

coherent state in Ref. 36,

Ĥ(t) = �J
X

�

(c†1,�c2,� + c†2,�c1,�)

+ g2
X

�,l=1,2

n̂l,�(bl + b†l )
2

+ ⌦
X

l=1,2

b†l bl + F (t)
X

l=1,2

(bl + b†l ), (1)

where J is the electronic hopping matrix element be-

tween sites l = 1, 2, c(†)l,� annihilates (creates) an electron
of spin � =", # on site l with electron number operator
n̂l,� ⌘ c†l,�cl,�, g2 is the nonlinear electron-phonon cou-
pling with bosonic phonon annihilation (creation) opera-

tors b(†)l on site l, ⌦ is the phonon frequency, and F (t) is
a driving field coupling to the phononic position (dipole)
operator x̂l ⌘ bl + b†l . In a generic lattice with inversion
symmetry, the phonon modes to which F (t) couples are
ungerade and thus infrared active, which does not allow
for a linear term and makes the g2 term the lowest order
allowed interaction term for infrared phonons. By multi-
plying out the (bl+b†l )

2 term, one finds that the nonlinear
interaction renormalizes the phonon frequency locally on
site l to ⌦e↵ ⌘ ⌦+2g2hn̂li, where hn̂li ⌘ hn̂l,"+ n̂l,#i = 1
is the average local electronic occupation with electron
number operator n̂l,� ⌘ c†l,�cl,�. The system is driven
out of equilibrium by a time-dependent periodic field

F (t) = F sin(!t), (2)

with laser frequency !.
The time-evolved wave function of the system is com-

puted by starting in the ground state | 0i at time t = 0
and propagating forward in time,

| (t)i = T e�i
´ t
0 H(t0)dt0 | 0i. (3)

In practice we use the commutator-free fourth order
scheme introduced in Ref. 37 to compute the time-
ordered (T ) exponentials, which allows us to use a rel-
atively coarse time step of �t = 0.5 without time dis-
cretization issues. Convergence in the time step size was
checked. The phononic Hilbert space is truncated us-
ing up to 20 phonons per site, and convergence checked.
Signatures of electron-phonon coupling in the electronic
single-particle spectrum are extracted by computing the
time-resolved electronic spectrum38 for site 1 and spin "
with spectral intensity

I(!, t0) = Re

ˆ
dt1 dt2 ei!(t1�t2)st1,t2,⌧ (t0)

⇥
h
h (t2)|c†1,"T e�i

´ t2
t1

H(t)dtc1,"| (t1)i+

+ h (t1)|c1,"T e�i
´ t1
t2

H(t)dtc†1,"| (t2)i
i
, (4)

using the retarded Green’s function. The second and
third lines in Eq. (4) are the lesser and greater Green’s

functions, which contain information about the occupied
and unoccupied spectral intensities, respectively. We em-
ploy a Gaussian probe pulse shape function

st1,t2,�(t0) ⌘
1

2⇡�
e�

(t1�t0)2

2�2 e�
(t2�t0)2

2�2 (5)

centered around probe time t0 with probe duration �.
The duration of the probe pulse plays the role of the
time scale of an e↵ective degree of freedom that “sees”
signatures of e↵ective couplings out of equilibrium.
We set J = 0.15, ⌦ = 0.5, and g2 = �0.05 and prop-

agate the wavefunction from t = 0 to t = 50. For the
given parameters the renormalized phonon frequency is
⌦e↵ = 0.40. We note that this choice of negative g2 is not
mandatory, and the light-induced spectral weight trans-
fer discussed in the following can be observed for positive
g2 as well. However, the present case is particularly in-
teresting, as the phonon is softened by the coupling to
the electrons, and in principle strong driving could also
lead to a dynamical lattice instability in this case. The
probe duration is taken to be � = 8 with center time
t0 = 25.

III. RESULTS

A. Spectral weight transfer
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FIG. 1. Light-induced spectral weight transfer. Single-
particle spectrum for g2 = �0.05 and di↵erent field strengths
F , as indicated. Spectra are shifted vertically for clarity. The
dashed vertical line indicates the peak position of the bonding
state in the undriven case. For the lowest curve, the coherent
part of the spectrum that emerges from the main peaks at
weak driving field is indicated by the grey-shaded area.

Fig. 1 shows the spectral intensity during laser irradi-
ation with slightly o↵-resonant field frequency ! = 0.55
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Summary & Outlook 
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Pump-probe	pros	and	cons:	
+	ultrafast	switching	(magne5sm,	metal-insulator,	ordered	phases,	...)	
+	nonthermal:	disentangling	of	complexity,	selec5vity	of	excita5on	

-	ultrashort:	life5me	of	light-induced	states	(Floquet,	transient	SC,	...)	

+	<me-resolved:	movies	are	more	fun	than	sta5c	data	

-	hea<ng:	oLen	bad	for	interes5ng	states	
-	strong	lasers:	useful	for	device	applica5ons?	

Interes5ng	future	direc5on:	
Bridging	quantum	op5cs	and	ultrafast	materials	
From	classical	light	to	quantum	photons	
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Summary & Outlook 
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Polariton	condensates	
Byrnes	et	al.,	Nature	Physics	10,	803	(2014)	

Use	enhanced	light-ma=er	coupling	in	confined	geometries	
with	quantum	photons	to	induce	novel	phases	with	
•  less	hea5ng	
•  lower	laser	power	
•  longer	life5mes	

Polaritonic	chemistry	
(c)	N.	Tancogne-Dejean	

PNAS	114,	3026	(2017)	

Path	to
wards	n

onequi
librium

	materials
	engine

ering	

with	qu
antum	photon

s?	
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