
Higgs Amplification in Non-
Equilibrium K3C60

With:  
   Eugene Demler, Misha Lukin, Bert Halperin, Yao Wang, Sho Sugiura (Harvard) 
   Andrea Cavalleri, Michelle Buzzi, Gregor Jotsu (Max Planck, Hamburg)  
   Ignacio Cirac, Tao Shi (Max Planck, Garching)

Daniel Podolsky 
Nonequilibrium Superconductivity Workshop 

January 2020



Background: Collective modes of a superconductor

Anderson-Higgs mechanism:  
-Goldstone mode “eaten” by gauge field, gapped to plasma frequency 
-Leads to Meisner effect

Higgs mode:  
- Fluctuations in order parameter amplitude.   
- Gapped excitation.   
- Not charged.
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Motivation: Non-Equilibrium Superconductivity

Higgs Oscillations in Nb1-xTixN

Photo-induced superconductivity in K3C60

is heavily damped in the strong excitation limit. At each
excitation level, !Eprobe asymptotically reaches to a con-
stant value accompanied by the damped oscillation.
Besides the oscillation, !Eprobe shows a slow increase at
tpp > 2 ps to the constant value, indicating the gradual
decrease of the gap energy. Such a slow decrease of the
gap energy after the pump pulse irradiation has also been
observed in the previous near-visible optical pump experi-
ments, where the excess photon energy of the pump pulse
gives rise to the generation of phonons which in turn
causes the pair breaking in a slower time scale [25,26].
Meanwhile, a recent calculation using the nonequilibrium
dynamical mean-field theory [23] has also showed that
such a slow thermalization dynamics can occur as a unique
character of a nonequilibrium state, even without taking
into account the interaction with the phonon system. In the
present experiment, whereas the central photon energy of
the pump THz pulse is resonant to the gap energy, the high-
frequency components of the pump THz pulse larger than
the gap energy bring the excess energy to the QP system.
Therefore, the slow increase in Fig. 2(a) can be attributed
to the thermalization process of the excess energy.

As shown by the solid curves in Fig. 2(a), the oscillating
part of !EprobeðtppÞ is fitted by the following equation

!EprobeðtppÞ ¼ C1 þ C2tpp þ a
cosð2"ftpp þ ’Þ

ðtpp % t0Þb ; (1)

where C1, C2, a, b, ’, f, and t0 are parameters. The first
term indicates the nonoscillating part of the gap energy.

The second term is introduced to reproduce the gradual
decrease of the gap energy, which is attributed to the
thermalization process as described above. The third term
describes the order parameter oscillation with the power-
law decay as theoretically predicted [14,16,17]. Figure 2(b)
shows the oscillation frequency f obtained from the fits at
various pump intensities. Here we also plot the values of
2! at tpp ¼ 8 ps where the oscillation is damped, which
indicates the asymptotic value 2!1 of the gap energy after
the pump. Because of the slow change of the order
parameter in this temporal region, we evaluated 2!1
from the observed !Eprobeðtpp ¼ 8 psÞ by using the corre-

spondence in Fig. 1(f). The decrease of 2!1 as a function
of the pump intensity represented in Fig. 2(b) is reasonable
because the increase of the excited QP density causes the
gap reduction. The fitted values f and their pump-intensity
dependence are in excellent agreement with 2!1, which is
a characteristic feature of the order parameter oscillation
predicted in the theoretical studies [16,17]. Therefore, this
result strongly suggests that the oscillatory signal arises
from the collective Higgs amplitude mode anticipated in
the nonadiabatic excitation condition. Note that the oscil-
latory signal is observed in the cross-linear polarization
configuration of the TPTP experiments, which also indi-
cates its origin as the Higgs mode of isotropic s-wave SCs.
It is intriguing that the polarization dependent TPTP
experiments would elucidate the nature of symmetry of
such collective modes.
Figure 2(c) shows the fitted parameter b, the power-law

index for decay of the oscillation, as a function of the
pump intensity. The theoretical studies have shown that
within the linear approximation the oscillation decays with
b ¼ 0:5 for the weak-coupling BCS case due to the mixing
of the collective mode and QP states [14–16], and with
b ¼ 1:5 for the strong-coupling case [21]. Our result shows
that b changes from about 1 to 3 depending on the pump
intensity. Such a rapid decay depending on the excitation
intensity could be considered as a signature of the over-
damped oscillation of the order parameter [16,17].
The dynamics after the THz pulse excitation was also

investigated in the frequency domain. Figure 3(a) shows
the temporal evolution of the real-part optical conductivity
spectra #1ð!Þ as a function of tpp, obtained from the

TPTP spectroscopy in the two-dimensional time domains.
The optical conductivity spectrum #1ð!; tppÞ at each delay
time tpp was calculated from the waveform of the trans-

mitted probe E field. Figure 3(b) shows the #1ð!Þ spectra
at each tpp indicated by the white dotted lines in Fig. 3(a).
For comparison, Fig. 3(b) also shows the #1ð!Þ spectra
before the pump (tpp ¼ %2 ps) as the black dotted curves.
The temporal oscillation of the conductivity spectrum is
clearly seen, suggesting the oscillation of the gap energy.
However, the oscillation of the onset of the gap is not clear,
which might be obscured by the smooth onset of the
conductivity gap as observed even without the pump in
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FIG. 2 (color online). (a) The open circles show the temporal
evolution of the change of the probe E field, !Eprobe, at tgate ¼ t0
as a function of tpp in sample A at 4 K. The solid curves show

the fitted results with Eq. (1). (b) The oscillation frequency f
obtained from the fits and the asymptotic gap energy 2!1 as a
function of the pump intensity. (c) The power-law decay index b
as a function of the pump intensity.
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Ultrafast responses of BCS superconductor Nb1-xTixN films in a nonadiabatic excitation regime were

investigated by using terahertz (THz) pump-THz probe spectroscopy. After an instantaneous excitation

with the monocycle THz pump pulse, a transient oscillation emerges in the electromagnetic response

in the BCS gap energy region. The oscillation frequency coincides with the asymptotic value of the BCS

gap energy, indicating the appearance of the theoretically anticipated collective amplitude mode of the

order parameter, namely the Higgs amplitude mode. Our result opens a new pathway to the ultrafast

manipulation of the superconducting order parameter by optical means.
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With spontaneous breaking of continuous symmetry,
two types of collective excitations associated with the
order parameter emerge. One is the gapless phase mode
called as the Nambu-Goldstone mode, and the other is the
gapped amplitude mode also referred to as the Higgs mode
from the analogy to the Higgs boson in particle physics
[1,2], as schematically shown in Fig. 1(a). Recently, the
Higgs amplitude mode has been observed in strongly
interacting superfluid phases of bosonic ultracold atoms
in optical lattices by means of Bragg spectroscopy [3] and
lattice modulation [4]. The studies of the Higgs mode
realized on tabletop experiments would provide substantial
platforms for exploring the nature of symmetry-broken
states in quantum many-body physics. In condensed matter
systems, the amplitude mode has been widely observed in
charged density wave (CDW) systems by Raman or pump-
probe spectroscopy [5–8] and in an antiferromagnet by
neutron spectroscopy [9]. However, the observation of the
amplitude mode in fermionic condensates has been limited
to the specific cases of superconducting CDW compound
NbSe2 [10,11] andp-wave superfluid

3He [12,13]. Then, we
can pose a question as to whether the Higgs mode in a pure
metallic BCS superconductor (SC), which does not couple
to the radiation field, can be observed experimentally.

The amplitude mode in the BCS order parameter has
been anticipated to appear in a response to a fast perturba-
tion in nonadiabatic regime [14–23]. Depending on the
perturbation strength, the nonequilibrium dynamics would
exhibit a persistent oscillation, a transient oscillation
obeying a power-law decay, or a quantum quench of the
order parameter which cannot be described by the time-
dependent Ginzburg-Landau theory or the Boltzmann
equation [16,17]. A sudden switching of the pairing inter-
action by using Feshbach resonance in ultracold atoms [24]
is one promising way to realize such a nonequilibrium

state, while it still remains experimentally challenging.
An alternative way to induce the transient oscillation of
the order parameter has been proposed in conventional
metallic BCS SCs [19]. When a BCS ground state is non-
adiabatically excited by a short laser pulse, the coherence
between different quasiparticle (QP) states leads to the
oscillation of the order parameter. Such a nonadiabatic
excitation for BCS superconductivity requires a short
pump pulse with the duration !pump small enough com-
pared to the response time of the BCS state characterized
by the BCS gap ! as !! ¼ "=!!1. Here a near-visible
femtosecond optical pulse is not applicable, because the
huge excess energies of photoexcited hot electrons in the
order of electronvolts are transferred to the generation
of large amounts of high-frequency phonons (@!> 2!),
which in turn induce the Cooper pair breaking. This pro-
cess destroys the nonadiabatic excitation condition even
if one uses the laser pulse much shorter than !! [25,26].
Therefore, to ensure the nonadiabatic excitation, it is nec-
essary to use a short pump pulse with its photon energy
resonant to the BCS gap which is typically located in
terahertz (THz) frequency range [19]. With the recent
development of THz technology, such an intense and
monocyclelike THz pulse has become available [27], mak-
ing it possible to investigate the THz nonlinear response
in a variety of materials [28–32]. In an s-wave SC of NbN
film, the ultrafast pair breaking and the following QP
dynamics have been investigated by the intense THz
pump-THz probe (TPTP) spectroscopy [26]. Nonlinear
THz transmission experiments in NbN have also been
reported recently [33,34].
In this Letter, we investigated the coherent transient

dynamics of superconducting Nb1-xTixN films after the
THz pulse excitation in the nonadiabatic excitation regime.
The time-domain oscillation of the order parameter was
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Possible light-induced superconductivity in K3C60 
at high temperature
M. Mitrano1, A. Cantaluppi1,2, D. Nicoletti1,2, S. Kaiser1, A. Perucchi3, S. Lupi4, P. Di Pietro3, D. Pontiroli5, M. Riccò5, 
S. R. Clark1,6,7, D. Jaksch7,8 & A. Cavalleri1,2,7

The non-equilibrium control of emergent phenomena in solids is 
an important research frontier, encompassing effects such as the 
optical enhancement of superconductivity1. Nonlinear excitation2,3 
of certain phonons in bilayer copper oxides was recently shown to 
induce superconducting-like optical properties at temperatures 
far greater than the superconducting transition temperature, Tc  
(refs 4–6). This effect was accompanied by the disruption of 
competing charge-density-wave correlations7,8, which explained 
some but not all of the experimental results. Here we report a similar 
phenomenon in a very different compound, K3C60. By exciting 
metallic K3C60 with mid-infrared optical pulses, we induce a large 
increase in carrier mobility, accompanied by the opening of a gap 
in the optical conductivity. These same signatures are observed 
at equilibrium when cooling metallic K3C60 below Tc (20 kelvin). 
Although optical techniques alone cannot unequivocally identify 
non-equilibrium high-temperature superconductivity, we propose 
this as a possible explanation of our results.

Molecular solids of chemical formula A3C60 often crystallize in 
face-centred cubic structures (Fig. 1a) in which each C60

3− ion contrib-
utes three half-filled molecular orbitals to form narrow bands9. These 
electronic states give rise to superconductivity at equilibrium10,11, medi-
ated by a combination of electronic correlations12,13 and local molecular 
vibrations14–16.

In the experiments reported here, femtosecond mid-infrared optical 
pulses were used to excite K3C60 powders (see Methods and Extended 
Data Fig. 1 for sample characterization). The excitation (‘pump’) pulses 
were tuned to wavelengths between 6 µm and 15 µm (200–80 meV pho-
ton energy), a spectral region in which both the metallic plasma and 
local molecular vibrations could be excited. The resulting changes 
in terahertz (THz)-frequency reflectivity and optical conductiv-
ity were measured with a second pulse (the ‘probe’), a quasi-single- 
cycle THz-field transient, which was detected after reflection from the 
photo-excited material (see Methods and Extended Data Figs 2, 3). 
These transient changes were determined at different pump–probe time 
delays and normalized to the absolute equilibrium optical properties 
measured on the same sample (Extended Data Fig. 4).

Figure 1c displays two representative frequency-dependent equilib-
rium reflectivity spectra R(ω) measured above and below Tc (20 K). The 
corresponding real and imaginary part of the optical conductivity, σ1(ω) 
and σ2(ω), as extracted by Kramers–Kronig transformations, are shown 
respectively in Fig. 1d and e. Similar to what has been reported for K3C60 
single crystals17–19, in the metallic state (T = 25 K) the optical conduc-
tivity displayed a narrow Drude peak and a polaronic band20 centred 
at 55 meV. When cooling below Tc, a saturated reflectivity (R = 1), an 
optical gap in σ1(ω) and a divergent σ2(ω) emerged from the metal.

This equilibrium superconducting response is to be compared with 
that measured in metallic high-temperature K3C60 after excitation 

at 7 µm wavelength (180 meV photon energy), which is tuned to the 
T1u(4) vibration (see Fig. 2 for measurements at 1 ps time delay). For 
all temperatures between Tc = 20 K and T = 100 K, photo-excitation 
drove transient changes in the optical properties, which were very sim-
ilar to those observed when cooling at equilibrium (see also Extended 
Data Fig. 5). At a 1 ps pump–probe time delay, we observed a saturated 
reflectivity (R = 1; Fig. 2a and d), gapped σ1(ω) (Fig. 2b and e), and 
divergent σ2(ω) (Fig. 2c and f).

Furthermore, all transient optical spectra could be fitted with the 
same function used for the low-temperature superconductor at equilib-
rium. An extension of the Mattis–Bardeen model was used, applicable 
to superconductors of arbitrary purity and taking into account both 
an optical gap (a superconducting component) and a fluid of normal 
quasi-particles (a Drude component)21. The non-equilibrium fits  
evidenced an 11 meV gap in the non-equilibrium σ1(ω), nearly twice as  
large as the 6 meV superconducting gap at equilibrium.

Figure 3 reports similar measurements taken at higher temperatures, 
for which the effect progressively disappeared as temperature increased. 

1Max Planck Institute for the Structure and Dynamics of Matter, Luruper Chaussee 149, 22761 Hamburg, Germany. 2The Hamburg Centre for Ultrafast Imaging, Luruper Chaussee 149, 22761 
Hamburg, Germany. 3INSTM UdR Trieste-ST and Elettra–Sincrotrone Trieste S.C.p.A., Area Science Park, 34012 Basovizza, Trieste, Italy. 4CNR-IOM and Dipartimento di Fisica, Università di Roma 
“Sapienza”, Piazzale A. Moro 2, 00185 Roma, Italy. 5Dipartimento di Fisica e Scienze della Terra, Università degli Studi di Parma, Parco Area delle Scienze, 7/a, 43124 Parma, Italy. 6Department 
of Physics, University of Bath, Claverton Down, Bath BA2 7AY, UK. 7Department of Physics, Oxford University, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. 8Centre for Quantum 
Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543, Singapore.

Figure 1 | Structure and equilibrium optical properties of K3C60.  
a, Face-centred cubic (f.c.c.) unit cell of K3C60 (ref. 26). Blue bonds link  
the C atoms in each C60 molecule. K atoms are represented as red  
spheres. b, C60 molecular distortion (red) along the T1u(4) vibrational 
mode coordinates. The equilibrium structure is displayed in blue.  
c–e, Equilibrium reflectivity at the sample–diamond interface R(ω) (c) and 
complex optical conductivity (d, real, σ1(ω); e, imaginary, σ2(ω)) of K3C60 
measured at T = 25 K (red) and T = 10 K (blue). Hatched regions highlight 
changes across the superconducting transition.
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Background: Higgs Oscillations in Nb1-xTixN

is heavily damped in the strong excitation limit. At each
excitation level, !Eprobe asymptotically reaches to a con-
stant value accompanied by the damped oscillation.
Besides the oscillation, !Eprobe shows a slow increase at
tpp > 2 ps to the constant value, indicating the gradual
decrease of the gap energy. Such a slow decrease of the
gap energy after the pump pulse irradiation has also been
observed in the previous near-visible optical pump experi-
ments, where the excess photon energy of the pump pulse
gives rise to the generation of phonons which in turn
causes the pair breaking in a slower time scale [25,26].
Meanwhile, a recent calculation using the nonequilibrium
dynamical mean-field theory [23] has also showed that
such a slow thermalization dynamics can occur as a unique
character of a nonequilibrium state, even without taking
into account the interaction with the phonon system. In the
present experiment, whereas the central photon energy of
the pump THz pulse is resonant to the gap energy, the high-
frequency components of the pump THz pulse larger than
the gap energy bring the excess energy to the QP system.
Therefore, the slow increase in Fig. 2(a) can be attributed
to the thermalization process of the excess energy.

As shown by the solid curves in Fig. 2(a), the oscillating
part of !EprobeðtppÞ is fitted by the following equation

!EprobeðtppÞ ¼ C1 þ C2tpp þ a
cosð2"ftpp þ ’Þ

ðtpp % t0Þb ; (1)

where C1, C2, a, b, ’, f, and t0 are parameters. The first
term indicates the nonoscillating part of the gap energy.

The second term is introduced to reproduce the gradual
decrease of the gap energy, which is attributed to the
thermalization process as described above. The third term
describes the order parameter oscillation with the power-
law decay as theoretically predicted [14,16,17]. Figure 2(b)
shows the oscillation frequency f obtained from the fits at
various pump intensities. Here we also plot the values of
2! at tpp ¼ 8 ps where the oscillation is damped, which
indicates the asymptotic value 2!1 of the gap energy after
the pump. Because of the slow change of the order
parameter in this temporal region, we evaluated 2!1
from the observed !Eprobeðtpp ¼ 8 psÞ by using the corre-

spondence in Fig. 1(f). The decrease of 2!1 as a function
of the pump intensity represented in Fig. 2(b) is reasonable
because the increase of the excited QP density causes the
gap reduction. The fitted values f and their pump-intensity
dependence are in excellent agreement with 2!1, which is
a characteristic feature of the order parameter oscillation
predicted in the theoretical studies [16,17]. Therefore, this
result strongly suggests that the oscillatory signal arises
from the collective Higgs amplitude mode anticipated in
the nonadiabatic excitation condition. Note that the oscil-
latory signal is observed in the cross-linear polarization
configuration of the TPTP experiments, which also indi-
cates its origin as the Higgs mode of isotropic s-wave SCs.
It is intriguing that the polarization dependent TPTP
experiments would elucidate the nature of symmetry of
such collective modes.
Figure 2(c) shows the fitted parameter b, the power-law

index for decay of the oscillation, as a function of the
pump intensity. The theoretical studies have shown that
within the linear approximation the oscillation decays with
b ¼ 0:5 for the weak-coupling BCS case due to the mixing
of the collective mode and QP states [14–16], and with
b ¼ 1:5 for the strong-coupling case [21]. Our result shows
that b changes from about 1 to 3 depending on the pump
intensity. Such a rapid decay depending on the excitation
intensity could be considered as a signature of the over-
damped oscillation of the order parameter [16,17].
The dynamics after the THz pulse excitation was also

investigated in the frequency domain. Figure 3(a) shows
the temporal evolution of the real-part optical conductivity
spectra #1ð!Þ as a function of tpp, obtained from the

TPTP spectroscopy in the two-dimensional time domains.
The optical conductivity spectrum #1ð!; tppÞ at each delay
time tpp was calculated from the waveform of the trans-

mitted probe E field. Figure 3(b) shows the #1ð!Þ spectra
at each tpp indicated by the white dotted lines in Fig. 3(a).
For comparison, Fig. 3(b) also shows the #1ð!Þ spectra
before the pump (tpp ¼ %2 ps) as the black dotted curves.
The temporal oscillation of the conductivity spectrum is
clearly seen, suggesting the oscillation of the gap energy.
However, the oscillation of the onset of the gap is not clear,
which might be obscured by the smooth onset of the
conductivity gap as observed even without the pump in
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FIG. 2 (color online). (a) The open circles show the temporal
evolution of the change of the probe E field, !Eprobe, at tgate ¼ t0
as a function of tpp in sample A at 4 K. The solid curves show

the fitted results with Eq. (1). (b) The oscillation frequency f
obtained from the fits and the asymptotic gap energy 2!1 as a
function of the pump intensity. (c) The power-law decay index b
as a function of the pump intensity.
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Ultrafast responses of BCS superconductor Nb1-xTixN films in a nonadiabatic excitation regime were

investigated by using terahertz (THz) pump-THz probe spectroscopy. After an instantaneous excitation

with the monocycle THz pump pulse, a transient oscillation emerges in the electromagnetic response

in the BCS gap energy region. The oscillation frequency coincides with the asymptotic value of the BCS

gap energy, indicating the appearance of the theoretically anticipated collective amplitude mode of the

order parameter, namely the Higgs amplitude mode. Our result opens a new pathway to the ultrafast

manipulation of the superconducting order parameter by optical means.
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With spontaneous breaking of continuous symmetry,
two types of collective excitations associated with the
order parameter emerge. One is the gapless phase mode
called as the Nambu-Goldstone mode, and the other is the
gapped amplitude mode also referred to as the Higgs mode
from the analogy to the Higgs boson in particle physics
[1,2], as schematically shown in Fig. 1(a). Recently, the
Higgs amplitude mode has been observed in strongly
interacting superfluid phases of bosonic ultracold atoms
in optical lattices by means of Bragg spectroscopy [3] and
lattice modulation [4]. The studies of the Higgs mode
realized on tabletop experiments would provide substantial
platforms for exploring the nature of symmetry-broken
states in quantum many-body physics. In condensed matter
systems, the amplitude mode has been widely observed in
charged density wave (CDW) systems by Raman or pump-
probe spectroscopy [5–8] and in an antiferromagnet by
neutron spectroscopy [9]. However, the observation of the
amplitude mode in fermionic condensates has been limited
to the specific cases of superconducting CDW compound
NbSe2 [10,11] andp-wave superfluid

3He [12,13]. Then, we
can pose a question as to whether the Higgs mode in a pure
metallic BCS superconductor (SC), which does not couple
to the radiation field, can be observed experimentally.

The amplitude mode in the BCS order parameter has
been anticipated to appear in a response to a fast perturba-
tion in nonadiabatic regime [14–23]. Depending on the
perturbation strength, the nonequilibrium dynamics would
exhibit a persistent oscillation, a transient oscillation
obeying a power-law decay, or a quantum quench of the
order parameter which cannot be described by the time-
dependent Ginzburg-Landau theory or the Boltzmann
equation [16,17]. A sudden switching of the pairing inter-
action by using Feshbach resonance in ultracold atoms [24]
is one promising way to realize such a nonequilibrium

state, while it still remains experimentally challenging.
An alternative way to induce the transient oscillation of
the order parameter has been proposed in conventional
metallic BCS SCs [19]. When a BCS ground state is non-
adiabatically excited by a short laser pulse, the coherence
between different quasiparticle (QP) states leads to the
oscillation of the order parameter. Such a nonadiabatic
excitation for BCS superconductivity requires a short
pump pulse with the duration !pump small enough com-
pared to the response time of the BCS state characterized
by the BCS gap ! as !! ¼ "=!!1. Here a near-visible
femtosecond optical pulse is not applicable, because the
huge excess energies of photoexcited hot electrons in the
order of electronvolts are transferred to the generation
of large amounts of high-frequency phonons (@!> 2!),
which in turn induce the Cooper pair breaking. This pro-
cess destroys the nonadiabatic excitation condition even
if one uses the laser pulse much shorter than !! [25,26].
Therefore, to ensure the nonadiabatic excitation, it is nec-
essary to use a short pump pulse with its photon energy
resonant to the BCS gap which is typically located in
terahertz (THz) frequency range [19]. With the recent
development of THz technology, such an intense and
monocyclelike THz pulse has become available [27], mak-
ing it possible to investigate the THz nonlinear response
in a variety of materials [28–32]. In an s-wave SC of NbN
film, the ultrafast pair breaking and the following QP
dynamics have been investigated by the intense THz
pump-THz probe (TPTP) spectroscopy [26]. Nonlinear
THz transmission experiments in NbN have also been
reported recently [33,34].
In this Letter, we investigated the coherent transient

dynamics of superconducting Nb1-xTixN films after the
THz pulse excitation in the nonadiabatic excitation regime.
The time-domain oscillation of the order parameter was
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Transmission through thin film of Nb1-xTixN, following pump pulse

Higgs mode is not charged —> doesn’t couple linearly to light

observed in the pump-probe delay dependence of the trans-
mitted probe THz electric field (E field). The oscillation
frequency is in excellent agreement with the theoretical
predictions.

The output from a regenerative amplified Ti:sapphire
laser system with 800-nm center wavelength, 1-mJ pulse
energy, 90-fs pulse duration, and 1-kHz repetition rate was
divided into three beams: for the generation of the pump
and probe THz pulses and for the gate pulse for the electro-
optic (EO) sampling of the transmitted probe THz pulse.
The intense pump THz pulse was generated by the tilted-
pulse-front method with a LiNbO3 crystal [27], and the
detail of our experimental configuration was described in
Ref. [35]. The pump pulse width defined by FWHM of the
envelope curve of the E-field amplitude was !pump !
1:5 ps. The probe THz pulse was generated by the optical
rectification in a ZnTe crystal. As schematically shown in
Fig. 1(b), a wire grid polarizer (WGP) inserted in the

optical path of the pump THz pulse (Epump k x) reflects
the probe THz pulse (Eprobe k y) so that the pump and

probe THz pulses are collinearly irradiated to the sample.
Another WGP was placed after the sample to block the
pump THz pulse and to transmit the probe THz pulse only.
The waveform of the probe E field was detected by the
EO sampling in a ZnTe crystal. By scanning both the
delay time of the gate pulse to the probe THz pulse, tgate,
and the delay time of the probe to the pump THz pulse, tpp,
we recorded the probe THz E field Eprobeðtgate; tppÞ in the

two-dimensional time domains of tgate and tpp [36]. The

details in our two-dimensional THz time-domain spectros-
copy system were described in the previous paper [26].
The Nb1-xTixN films were fabricated on fused quartz

(FQ) or MgO substrates using the dc reactive sputtering
method [37]. We used three different samples: (sample A)
x ¼ 0:2 and film thickness d ¼ 12 nm on a 1 mm-thick
FQ, (sample B) x ¼ 0:2 and d ¼ 30 nm on a 0.5 mm-thick
FQ, and (sample C) x ¼ 0 and d ¼ 24 nm on a 0.5 mm-
thick MgO. Figure 1(c) shows the temperature dependence
of the real-part optical conductivity spectra "1ð!Þ of
sample C without the THz pump. The solid curves are
calculated by the Mattis-Bardeen model with arbitrary
electron mean-free path [38,39] to evaluate the gap energy
at each temperature. The temperature dependence of the
gap energy is shown in Fig. 1(d). The BCS gap energies
at 4 K are evaluated as 2!0 ¼ 0:72, 1.1, and 1.3 THz, for
samples A, B, and C, respectively, which gives the ratio
!pump=!! as 0:57ðAÞ, 0:81ðBÞ, and 0:98ðCÞ.
Figure 1(e) shows the time-domain waveform of the

probe THz pulse, EprobeðtgateÞ, transmitted after sample A

below Tc ¼ 8:5 K without the THz pump. As indicated by
the vertical line in Fig. 1(e), the probe E field at tgate ¼
2:1 psð% t0Þ sensitively indicates the growth of the super-
conducting state. In fact, as shown by Fig. 1(f), the value
Eprobe at tgate ¼ t0 shows one-to-one correspondence with

the BCS gap energy 2! obtained from Fig. 1(d). Therefore,
in order to detect the temporal evolution of the order
parameter !ðtppÞ after the pump, we monitored the probe
E field at this fixed gate delay time, Eprobeðtgate ¼ t0; tppÞ.
Note that, this correspondence between the gap energy 2!
and Eprobeðtgate ¼ t0; tppÞ in the equilibrium condition with-

out the pump does not necessarily hold in the nonequilib-
rium case. Therefore, we numerically confirmed that
Eprobeðtgate ¼ t0; tppÞ indeed reflects the transient behavior

of the order parameter changing in a time scale of !!. The
details are given in the Supplemental Material [40].
Figure 2(a) shows the temporal evolution of the change

of the probeE field, #Eprobe, at tgate ¼ t0 as a function of tpp
in sample Awith !pump=!! ¼ 0:57 for various pump inten-

sities. After a fast rise within 2 ps which we will discuss
later, an oscillatory behavior is clearly identified. As the
pump intensity increases, the oscillation amplitude
increases and the frequency decreases, and the oscillation
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FIG. 1 (color online). (a) A schematic picture of the phase and
amplitude modes represented by the arrows in azimuthal and
radial directions, respectively, on the effective potential in the
plane of complex order parameter ". (b) Schematic configura-
tion of the TPTP spectroscopy. WGP: a wire grid polarizer.
(c) Temperature dependence of the real-part optical conductivity
spectra in sample C without the pump. The solid curves are
calculated by the Mattis-Bardeen model. (d) Temperature de-
pendences of the BCS gap energies for samples A, B, and C.
(e) The waveforms of the probe THz E field Eprobe as a function

of the gate delay time tgate at various temperatures without the

pump. (f) The temperature dependence of the BCS gap 2! in
equilibrium and Eprobe at the fixed delay time of tgate¼2:1psð¼
t0Þ indicated by the vertical line in (e) for sample A.
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Possible light-induced superconductivity in K3C60 
at high temperature
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The non-equilibrium control of emergent phenomena in solids is 
an important research frontier, encompassing effects such as the 
optical enhancement of superconductivity1. Nonlinear excitation2,3 
of certain phonons in bilayer copper oxides was recently shown to 
induce superconducting-like optical properties at temperatures 
far greater than the superconducting transition temperature, Tc  
(refs 4–6). This effect was accompanied by the disruption of 
competing charge-density-wave correlations7,8, which explained 
some but not all of the experimental results. Here we report a similar 
phenomenon in a very different compound, K3C60. By exciting 
metallic K3C60 with mid-infrared optical pulses, we induce a large 
increase in carrier mobility, accompanied by the opening of a gap 
in the optical conductivity. These same signatures are observed 
at equilibrium when cooling metallic K3C60 below Tc (20 kelvin). 
Although optical techniques alone cannot unequivocally identify 
non-equilibrium high-temperature superconductivity, we propose 
this as a possible explanation of our results.

Molecular solids of chemical formula A3C60 often crystallize in 
face-centred cubic structures (Fig. 1a) in which each C60

3− ion contrib-
utes three half-filled molecular orbitals to form narrow bands9. These 
electronic states give rise to superconductivity at equilibrium10,11, medi-
ated by a combination of electronic correlations12,13 and local molecular 
vibrations14–16.

In the experiments reported here, femtosecond mid-infrared optical 
pulses were used to excite K3C60 powders (see Methods and Extended 
Data Fig. 1 for sample characterization). The excitation (‘pump’) pulses 
were tuned to wavelengths between 6 µm and 15 µm (200–80 meV pho-
ton energy), a spectral region in which both the metallic plasma and 
local molecular vibrations could be excited. The resulting changes 
in terahertz (THz)-frequency reflectivity and optical conductiv-
ity were measured with a second pulse (the ‘probe’), a quasi-single- 
cycle THz-field transient, which was detected after reflection from the 
photo-excited material (see Methods and Extended Data Figs 2, 3). 
These transient changes were determined at different pump–probe time 
delays and normalized to the absolute equilibrium optical properties 
measured on the same sample (Extended Data Fig. 4).

Figure 1c displays two representative frequency-dependent equilib-
rium reflectivity spectra R(ω) measured above and below Tc (20 K). The 
corresponding real and imaginary part of the optical conductivity, σ1(ω) 
and σ2(ω), as extracted by Kramers–Kronig transformations, are shown 
respectively in Fig. 1d and e. Similar to what has been reported for K3C60 
single crystals17–19, in the metallic state (T = 25 K) the optical conduc-
tivity displayed a narrow Drude peak and a polaronic band20 centred 
at 55 meV. When cooling below Tc, a saturated reflectivity (R = 1), an 
optical gap in σ1(ω) and a divergent σ2(ω) emerged from the metal.

This equilibrium superconducting response is to be compared with 
that measured in metallic high-temperature K3C60 after excitation 

at 7 µm wavelength (180 meV photon energy), which is tuned to the 
T1u(4) vibration (see Fig. 2 for measurements at 1 ps time delay). For 
all temperatures between Tc = 20 K and T = 100 K, photo-excitation 
drove transient changes in the optical properties, which were very sim-
ilar to those observed when cooling at equilibrium (see also Extended 
Data Fig. 5). At a 1 ps pump–probe time delay, we observed a saturated 
reflectivity (R = 1; Fig. 2a and d), gapped σ1(ω) (Fig. 2b and e), and 
divergent σ2(ω) (Fig. 2c and f).

Furthermore, all transient optical spectra could be fitted with the 
same function used for the low-temperature superconductor at equilib-
rium. An extension of the Mattis–Bardeen model was used, applicable 
to superconductors of arbitrary purity and taking into account both 
an optical gap (a superconducting component) and a fluid of normal 
quasi-particles (a Drude component)21. The non-equilibrium fits  
evidenced an 11 meV gap in the non-equilibrium σ1(ω), nearly twice as  
large as the 6 meV superconducting gap at equilibrium.

Figure 3 reports similar measurements taken at higher temperatures, 
for which the effect progressively disappeared as temperature increased. 
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Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543, Singapore.

Figure 1 | Structure and equilibrium optical properties of K3C60.  
a, Face-centred cubic (f.c.c.) unit cell of K3C60 (ref. 26). Blue bonds link  
the C atoms in each C60 molecule. K atoms are represented as red  
spheres. b, C60 molecular distortion (red) along the T1u(4) vibrational 
mode coordinates. The equilibrium structure is displayed in blue.  
c–e, Equilibrium reflectivity at the sample–diamond interface R(ω) (c) and 
complex optical conductivity (d, real, σ1(ω); e, imaginary, σ2(ω)) of K3C60 
measured at T = 25 K (red) and T = 10 K (blue). Hatched regions highlight 
changes across the superconducting transition.
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The non-equilibrium control of emergent phenomena in solids is 
an important research frontier, encompassing effects such as the 
optical enhancement of superconductivity1. Nonlinear excitation2,3 
of certain phonons in bilayer copper oxides was recently shown to 
induce superconducting-like optical properties at temperatures 
far greater than the superconducting transition temperature, Tc  
(refs 4–6). This effect was accompanied by the disruption of 
competing charge-density-wave correlations7,8, which explained 
some but not all of the experimental results. Here we report a similar 
phenomenon in a very different compound, K3C60. By exciting 
metallic K3C60 with mid-infrared optical pulses, we induce a large 
increase in carrier mobility, accompanied by the opening of a gap 
in the optical conductivity. These same signatures are observed 
at equilibrium when cooling metallic K3C60 below Tc (20 kelvin). 
Although optical techniques alone cannot unequivocally identify 
non-equilibrium high-temperature superconductivity, we propose 
this as a possible explanation of our results.

Molecular solids of chemical formula A3C60 often crystallize in 
face-centred cubic structures (Fig. 1a) in which each C60

3− ion contrib-
utes three half-filled molecular orbitals to form narrow bands9. These 
electronic states give rise to superconductivity at equilibrium10,11, medi-
ated by a combination of electronic correlations12,13 and local molecular 
vibrations14–16.

In the experiments reported here, femtosecond mid-infrared optical 
pulses were used to excite K3C60 powders (see Methods and Extended 
Data Fig. 1 for sample characterization). The excitation (‘pump’) pulses 
were tuned to wavelengths between 6 µm and 15 µm (200–80 meV pho-
ton energy), a spectral region in which both the metallic plasma and 
local molecular vibrations could be excited. The resulting changes 
in terahertz (THz)-frequency reflectivity and optical conductiv-
ity were measured with a second pulse (the ‘probe’), a quasi-single- 
cycle THz-field transient, which was detected after reflection from the 
photo-excited material (see Methods and Extended Data Figs 2, 3). 
These transient changes were determined at different pump–probe time 
delays and normalized to the absolute equilibrium optical properties 
measured on the same sample (Extended Data Fig. 4).

Figure 1c displays two representative frequency-dependent equilib-
rium reflectivity spectra R(ω) measured above and below Tc (20 K). The 
corresponding real and imaginary part of the optical conductivity, σ1(ω) 
and σ2(ω), as extracted by Kramers–Kronig transformations, are shown 
respectively in Fig. 1d and e. Similar to what has been reported for K3C60 
single crystals17–19, in the metallic state (T = 25 K) the optical conduc-
tivity displayed a narrow Drude peak and a polaronic band20 centred 
at 55 meV. When cooling below Tc, a saturated reflectivity (R = 1), an 
optical gap in σ1(ω) and a divergent σ2(ω) emerged from the metal.

This equilibrium superconducting response is to be compared with 
that measured in metallic high-temperature K3C60 after excitation 

at 7 µm wavelength (180 meV photon energy), which is tuned to the 
T1u(4) vibration (see Fig. 2 for measurements at 1 ps time delay). For 
all temperatures between Tc = 20 K and T = 100 K, photo-excitation 
drove transient changes in the optical properties, which were very sim-
ilar to those observed when cooling at equilibrium (see also Extended 
Data Fig. 5). At a 1 ps pump–probe time delay, we observed a saturated 
reflectivity (R = 1; Fig. 2a and d), gapped σ1(ω) (Fig. 2b and e), and 
divergent σ2(ω) (Fig. 2c and f).

Furthermore, all transient optical spectra could be fitted with the 
same function used for the low-temperature superconductor at equilib-
rium. An extension of the Mattis–Bardeen model was used, applicable 
to superconductors of arbitrary purity and taking into account both 
an optical gap (a superconducting component) and a fluid of normal 
quasi-particles (a Drude component)21. The non-equilibrium fits  
evidenced an 11 meV gap in the non-equilibrium σ1(ω), nearly twice as  
large as the 6 meV superconducting gap at equilibrium.

Figure 3 reports similar measurements taken at higher temperatures, 
for which the effect progressively disappeared as temperature increased. 
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Figure 1 | Structure and equilibrium optical properties of K3C60.  
a, Face-centred cubic (f.c.c.) unit cell of K3C60 (ref. 26). Blue bonds link  
the C atoms in each C60 molecule. K atoms are represented as red  
spheres. b, C60 molecular distortion (red) along the T1u(4) vibrational 
mode coordinates. The equilibrium structure is displayed in blue.  
c–e, Equilibrium reflectivity at the sample–diamond interface R(ω) (c) and 
complex optical conductivity (d, real, σ1(ω); e, imaginary, σ2(ω)) of K3C60 
measured at T = 25 K (red) and T = 10 K (blue). Hatched regions highlight 
changes across the superconducting transition.
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Only a partial reduction in σ1(ω) and a less pronounced divergence in 
σ2(ω) were observed. For these higher temperatures the Drude com-
ponent alone was sufficient to fit the transient spectra, which did not 
exhibit a clear gap. However, we note that the σ1(ω) Drude peak in the 
light-induced phase (blue curves in Fig. 3b and e) was always narrower 
than for the equilibrium metal (red curves in Fig. 3b and e), underscor-
ing an optical enhancement in carrier mobility for all temperatures.

In Fig. 4, we plot the transient integrated loss in spectral weight 
(0.75–2.5 THz, that is, 3.1–10.3 meV) as a function of base temperature 
(Fig. 4a), pump–probe time delay (Fig. 4b), excitation fluence (Fig. 4c) 
and wavelength (Fig. 4d). The regions in which the optical proper-
ties required the full Mattis–Bardeen fit are shaded in blue, whereas 

those regions in which the fit yielded a gapless, Drude conductivity 
are shaded in white.

Figure 4a displays a crossover between a light-induced state with 
a Mattis–Bardeen gap (blue), observed up to T = 100 K, and a high- 
mobility metal (white) observed at higher temperatures. Similarly, 
in the time-delay dependence (Fig. 4b) a spectral-weight reduction 
was observed immediately after the excitation pulse (red curve),  
followed by a gap opening only at later time delays (blue shading). 
The gapped state disappeared after approximately 2 ps, and the rest of 
the decay involved relaxation of a high-mobility metal (white shad-
ing) with an exponential time constant of ∼10 ps (see Extended Data 
Fig. 6 for representative spectra as a function of pump–probe delay). 

Figure 2 | Transient optical response of photo-excited K3C60 at T = 25 K 
and T = 100 K. Columns as Fig. 1; data taken at equilibrium (red) and 1 ps 
after photo-excitation (blue) at a pump fluence of 1.1 mJ cm−2, measured 

at temperatures T = 25 K (a–c) and T = 100 K (d–f). Fits to the data  
are displayed as dashed lines. Hatched regions highlight pump-induced 
changes.

Figure 3 | Transient optical response of photo-excited K3C60 at 
T = 200 K and T = 300 K. Columns as Fig. 1; data taken at equilibrium 
(red) and 1 ps after photo-excitation (blue) with a pump fluence of  

1.1 mJ cm−2, measured at temperatures T = 200 K (a–c) and T = 300 K (d–f).  
Fits to the data are displayed as dashed lines. Hatched regions highlight 
pump-induced changes.
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T=25 K

T=100 K

Background: photoinduced superconductivity in K3C60

Response — Equilibrium vs Photoexcited: 

5

of quench protocol used, one may control the amplitude
of Higgs oscillations.
The Higgs mode should be rather insensitive to the lack

of long-range phase coherence, which is expected in the
photoinduced state. Hence, we expect the mechanism of
Higgs amplification to occur in this case, despite the lack
of phase coherence.

III. EXPERIMENTAL RESULTS

Here, we probed the transient optical properties of the
photo-induced non-equilibrium superconductor for pump
pulses of different durations. The pump pulse durations
τ were tuned to between 100 fs and 2 ps. This range of
pulse durations is interesting because it crosses a char-
acteristic time scale τ∗ = h/(24meV) ∼ 300 fs, which
corresponds to the period of the amplitude (Higgs) mode
in the photo-induced superconductor.
Our experiments reveal that for prompt photo-

excitation (τ = 100 fs" τ∗), the transient state dis-
plays a reflection coefficient that is larger than R = 1
immediately after the quench, indicative of optical am-
plification through the non-equilibrium relaxation of the
superconducting state. By reconstructing the complex
optical conductivity with the same procedure used pre-
viously [cite XXX], we extracted a negative real optical
conductivity σ1 at all frequencies ω < 10 meV and a di-
vergent low-frequency imaginary conductivity σ2. This
effect progressively disappears as the excitation pulses
are made longer than τ∗, vanishing for 1 ps.

A. Experiments

The experiments were performed on polycrystalline
K3C60 powders [cite], which were kept in a sealed sample
cell and handled in an inert atmosphere to prevent oxy-
gen and water contamination. The equilibrium optical
properties were determined by Fourier-transform infrared
spectroscopy.
In the time resolved experiments reported here, the

samples were photoexcited at normal incidence with 170
meV linearly-polarized mid-infrared pulses generated by
an optical parametric amplifier. Their duration can be
tuned from 100 fs to 2 ps by chirping them through linear
propagation in transparent and highly dispersive CaF2

rods.
The transient low-frequency optical properties of

photo-excited K3C60 were retrieved as a function of
pump-probe delay using transient terahertz time-domain
spectroscopy. The THz probe pulses were generated by
optical rectification in a GaP crystal over a bandwidth
that ranged from 0.5 to 7.5THz. These probe pulses were
made to strike the sample at near normal incidence, with
a 7◦ incidence angle (see Figure 5(a)), and they were p-
polarized, that is, with the electric field perpendicular to
that of the MIR pump pulses. The electric field reflected

FIG. 5: (a) Sketch of the experimental geometry. K3C60
is excited with vertically polarized mid-infrared pulses. The
THz probe pulses are polarized in the horizontal plane. (b)
Time evolution of the pump-induced change in the peak the
reflected THz probe field as a function of pump-probe delay
for three different pulse durations of 100fs, 900fs and 1.8ps.

from the sample was retrieved by electro-optic sampling
in a second GaP crystal, yielding a phase resolved mea-
surement of the reflection coefficient and through it the
complex optical properties. The experiments supported
a pump-probe time-delay resolution of 0.15ps. The pen-
etration depth of the mid-infrared pump (200nm) was
shorter than that of the THz probe (600-900nm). To
account for this, the data was analyzed as discussed in
Sec. A of the Supplementary Information in order to ob-
tain the reflectivity of an effective semi-infinite medium
in which the pump penetrates deep into the sample.

In Figure 5(b) we report the time evolution induced
with pulses of 100fs, 900fs, and 1.8ps duration (FWHM).
In all three cases, we maintained the pulse energy and
the number of absorbed photons constant. The curves re-
ported in Fig. 5(b) were obtained by sampling the peak of
the reflected THz pulse as a function of the pump-probe
delay, a quantity proportional to a spectrally integrated
reflectivity.

Two observations can be made by inspecting these
curves. Firstly, the rise time of the transient supercon-
ductor – extracted from a fit to the trace – increases
from 100 fs to 1.2ps as the pump pulse is made longer
(Fig. 5(b), inset). Secondly, after an initial fast decay,
all curves reach the same amplitude, suggesting that the
final state is independent of the pulse duration. In the
following, we will concentrate on the spectral properties
measured at the peak of the response, which is different
for the three pump pulse durations.
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Photoinduced superconductivity — Possible mechanism

Parametric enhancement of electron-phonon interaction



Part I: Higgs Amplification in K3C60



Can we suggest a new probe for light-induced SC?

Challenge: very short-lived state (~10 ps) 
     —> only optical measurements available

Idea: A sudden quench into SC state gives rise to large Higgs oscillations

Are there signatures of such oscillations in the optical conductivity?

t < 0

t > 0

Re ψ Im ψ

energy

Higgs

Goldstone



Higgs-photon coupling

ℋHiggs/photons ∼ ∑
ω1+ω2=ωH

( δρ a†
ω1

a†
ω2

+ h . c.)

ℋdiamagnetic =
e2ℏ2

2mc2
ρsA2 ρs = ρs,0 + δρ cos(ωHt)

A ∼ ∑
ω

(aω + a†
ω)

Photons in bulk are gapped to plasma frequency (Anderson-Higgs mechanism). 

Near the surface they remain gapless   
—> Coupling is important for reflection problem 

Coupling between superfluid stiffness and light:

Upon quantization, this yields:



Photon pair creation

ℋHiggs/photons ∼ ∑
ω1+ω2=ωH

( δρ a†
ω1

a†
ω2

+ h . c.)

incoming outgoing

ωs

N photons N + 1 photons

signal ωsidler ωi

1 photon

ωs ωiωH = +



“Nonlinear optics” involving Higgs mode

ℋHiggs/photons ∼ ∑
ω1+ω2=ωH

( δρ a†
ω1

a†
ω2

+ h . c.)
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FIGURE 2.9.1 (a) Relationship between difference-frequency generation and optical
parametric amplification. (b) The gain associated with the process of optical paramet-
ric amplification can be used to construct the device shown, which is known as an
optical parametric oscillator.

versatile source of frequency-tunable radiation throughout the infrared, visi-
ble, and ultraviolet spectral regions. It can produce either a continuous-wave
output or pulses of nanosecond, picosecond, or femtosecond duration.

Let us recall how to calculate the gain of the process of optical paramet-
ric amplification. For convenience, we label the pump, signal, and idler fre-
quencies as ωp = ω3,ωs = ω1, and ωi = ω2. We take the coupled amplitude
equations to have the form (see also Eqs. (2.8.1))

dA1

dz
= 2iω2

1deff

k1c2 A3A
∗
2e

i"kz, (2.9.1a)

dA2

dz
= 2iω2

2deff

k2c2 A3A
∗
1e

i"kz, (2.9.1b)

where "k ≡ k3 − k1 − k2. These equations possess the solution

A1(z) =
[
A1(0)

(
coshgz − i"k

2g
sinhgz

)
+ κ1

g
A∗

2(0) sinhgz

]
ei"kz/2,

(2.9.2a)

A2(z) =
[
A2(0)

(
coshgz − i"k

2g
sinhgz

)
+ κ2

g
A∗

1(0) sinhgz

]
ei"kz/2,

(2.9.2b)

where we have introduced the quantities

g =
[
κ1κ

∗
2 − ("k/2)2]1/2 and κi = 2iω2

i deffA3

kic2 . (2.9.3)

For the special case of perfect phase matching ("k = 0) and under the as-
sumption that the input amplitude of field A2 vanishes (A2(0) = 0), the

ωH

ωs = ω1

ωi = ω2

Three-wave mixing (one Higgs mode and two photons) and parametric resonance. 
Frequency       is selected by the probe beam due to Bose enhancement factor. 
In the language of parametric resonance,        is a signal wave  
and       is an idler wave.

!1

!1

!2

N photons

N + 1 photons
signal ωsidler ωi

1 photon

signal ωs



Electrodynamics of SC with excited Higgs mode

∇ × B −
ϵ
c2

∂ E
∂ t

= μ0j

∇ × E +
∂ B
∂ t

= 0

j = Λ(t) ( ℏ
2e

∇θ − A)
Λ(t) = Λs + 2Λm cos(ωHt)

Maxwell’s equations to analyze reflection:

Response of the medium is determined by the superfluid density  ⇤

London equation:

Solve the Fresnel-Floquet reflection problem

N photons

N + 1 photons
signal ωsidler ωi

1 photon

signal ωs



Floquet modes inside medium

D = (D1e−iω1t + D*2 eiω2t) eκz + c . c .

D ∈ {E, B, j}Evanescent waves inside medium:

z

E, B, j

air

SC

j1 = Λs
E1

−iω1
+ Λm

E*2
iω2

j2 = Λs
E*2
iω2

+ Λm
E1

−iω1

8
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London equation mixes frequencies

ω1 + ω2 = ωH

Solution: κ2
±c2 = −

ω2
1ϵ1 + ω2

2ϵ2̄

2
± 1

2 (ω2
1ϵ1 − ω2
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Fresnel-Floquet reflection problem

3

B. Optical properties of a superconductor with
excited Higgs mode

To solve the problem of light reflection from a
semi-infinite non-equilibrium superconductor we consider
Maxwell’s equations combined with the relation between
the electrical current in the material and electric field:

∇×B− ε

c2
∂E

∂t
= µ0j , (2)

∇×E+
∂B

∂t
= 0 . (3)

Here ε is the dielectric constant arising from bound
charges and j is the free current density. For z > 0, out-
side the superconductor, ε = εout (in vacuum εout = 1,
but we allow for interfaces with other media) and the
current j vanishes; for z < 0, ε = εs, and the current
satisfies the London equation,

j = Λ(t)vs . (4)

Here, vs = !
2e∇θ − A, where θ is the superconducting

phase and A is the vector potential. Note that ∂tvs =
E. For now we assume that the electromagnetic waves
are at frequencies below the quasiparticle threshold, so
that the quasiparticle contribution to the current can be
neglected. Dissipation will be introduced later in the
analysis.
In a superconductor with a coherently excited Higgs

mode, Λ(t) is periodically modulated,

Λ(t) = Λs + Λme
−iωHt + Λ∗

me
iωHt (5)

where Λs =
e2ns
m , ns is the static superfluid density, Λm

describes the amplitude of the driving, and ωH is the
Higgs mode frequency. For a BCS superconductor, ωH =
2∆, where ∆ is the quasiparticle gap18.
Different frequencies mix due to the time dependence

in Λ: incident light with frequency ω1 will produce outgo-
ing light with frequencies ω1 and ω2, where ω1+ω2 = ωH.
Note that light of frequencies ω1 +nωH is also produced,
with integer n ≥ 1. However, in the weak modulation
limit, |Λm| % ε0εsω2

H, where ε0 is the permittivity of free
space, the mixing of these modes is small. Furthermore,
for a BCS superconductor, the frequencies ω1 + nωH are
larger than the quasiparticle threshold and are expected
to be strongly suppressed by dissipation.
Prior to solving the reflection problem, it is useful to

first consider the evanescent wave solutions inside the su-
perconductor. These are characterized by the spacetime
dependence (D stands for j, vs, E, or B),

D =
(
D1e

−iω1t +D∗
2e

iω2t
)
eκz + c.c. (6)

Note that the same spatial dependence appears for ω1

and −ω2 terms, since they mix with each other homo-
geneously in space. This should be contrasted with the
static case, where each frequency mode decays with its

own κ. Substituting Eq. (6) into Eq. (4) and collecting
terms with frequencies ω1 and −ω2 yields,

j1 = Λsvs,1 + Λmv
∗
s,2 = Λs

E1

−iω1
+ Λm

E∗
2

iω2
, (7)

j∗2 = Λsv
∗
s,2 + Λ∗

mvs,1 = Λs
E∗

2

iω2
+ Λ∗

m
E1

−iω1
. (8)

For linearly polarized light, Eν = Eν êx, Bν = Bν êy,
and jν = jν êx, where ν ∈ {1, 2}. Then, Eq. (3) yields
Bν = κ

iων
Eν , and Eq. (2) becomes

(
κ2c2 + ω2

1ε1 Υω1/ω2

Υ∗ω2/ω1 κ2c2 + ω2
2ε2̄

)(
E1

E∗
2

)
= 0 . (9)

Here, Υ ≡ Λm/ε0, ε1 ≡ ε(ω1), and ε2̄ ≡ ε(−ω2), where
ε(ω) = εs − Λs/(ε0ω(ω + i0+) is the dielectric function
of the superconductor [Note that, by changing the form
of ε(ω), one can generalize the discussion, e.g., to intro-
duce dissipation; for this reason, all the results below are
written, in general form, in terms of ε(ω)]. The allowed
values of κ are obtained by requiring the determinant of
the above matrix to vanish,

κ2
±c

2 = −ω2
1ε1 + ω2

2ε2̄
2

±

√
(ω2

1ε1 − ω2
2ε2̄)

2

4
+ |Υ|2, (10)

and the fields inside the superconductor satisfy,

Et
1,±

Bt
1,±

=
iω1

κ±
≡ η± (11)

Et∗
2,±

Bt
1,±

=
−iω2

(
κ2
±c

2 + ω2
1ε1

)

Υκ±
≡ φ± (12)

Bt∗
2,±

Bt
1,±

=

(
κ2
±c

2 + ω2
1ε1

)

Υ
≡ γ± (13)

where the subscript t indicates that these act as trans-
mitted fields in the reflection problem.

We next consider a normally-incident signal beam of
frequency ω1, and reflected beams at frequencies ω1 and
ω2, with

Ei
1,B

i
1 ∝ e−iω1(t+z

√
εout/c) , (14)

Er
ν ,B

r
ν ∝ e−iων(t−z

√
εout/c) . (15)

where ν ∈ {1, 2}. The fields are linearly polarized as
before, Eν = Eν êx, Bν = Bν êy, and Maxwell’s equa-
tions constrain them to satisfy Ei

1 = −(c/
√
εout)Bi

1 and
Er

ν = (c/
√
εout)Br

ν . Within the superconductor, the
transmitted fields are superpositions of two evanescent
waves of the form (6) with κ = κ±, whose amplitudes
are fixed by boundary conditions imposed independently
on each frequency:

Bi
1 +Br

1 = Bt
1,+ +Bt

1,− (16)

Ei
1 + Er

1 = Et
1,+ + Et

1,− (17)

Br∗
2 = Bt∗

2,+ +Bt∗
2,− (18)

Er∗
2 = Et∗

2,+ + Et∗
2,− (19)
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FIG. 7: Schematic figure of the Fresnel-Floquet light reflec-
tion. The incident light has a frequency ωs while the reflected
light has components of frequencies ωs and ωi due to the para-
metric amplification process. Inside the slab, large amplitude
of phonon mixes them; the Floquet eigenmodes are the su-
perpositions of these two components which take the same
spatial dependence.

mission coefficients.

rs =
α−(κi + κ−)(κs − κ+)− α+(κi + κ+)(κs − κ−)

α−(κi + κ−)(κs + κ+)− α+(κi + κ+)(κs + κ−)
(56)

ri =
2α−α+κs(−κ+ + κ−)

α−(κi + κ−)(κs + κ+)− α+(κi + κ+)(κs + κ−)
(57)

t+ =
2α−κs(κi + κ−)

α−(κi + κ−)(κs + κ+)− α+(κi + κ+)(κs + κ−)
(58)

t− =
−2α+κs(κi + κ+)

α−(κi + κ−)(κs + κ+)− α+(κi + κ+)(κs + κ−)
(59)

(56) reproduces Fresnel’s formula away from the points
where (39) is satisfied. Using (41)-(48), (56) is approxi-
mated as

rs ≃
κs − κ̃s

κs + κ̃s
. (60)

rs is continuous and strictly less than one in this case
because ℑ[κs] and ℑ[κ̃s] have the same sign and ℜ[κ̃] is
much smaller than ℑ[κ̃s]. In Fig 8 we show our numer-
ical result of the reflectivity rs. In the inset (SS: add
inset) we show rs without the background phonon ex-
citation, Qp = 0. Away from the frequencies of (39),
the reflectivity in these two cases is similar. The incident
light is reflected almost perfectly in between two branches

0 1×1013 2×1013 3×1013 4×1013 5×1013
0.0

0.5

1.0

1.5

2.0

FIG. 8: Reflectivity rs (vertical) vs frequency of the incident
light (horizontal) in our numerical calculation. We see some
jumps and peaks of the reflectivity. The discontinuities are
observed at three frequencies, ωs = 20, 29, and 39THz. They
indicate the presence of amplifying solution. The peaks are
observed at two frequencies, ωs = 24 and 35THz. They cor-
respond to the frequencies where surface modes appear.

of the polariton at 24THz< ωs <29THz. This is called
the reststrahlen band. However, the reflectivity shows
anomalous behavior when (39) holds. At the frequen-
cies around ωs = 20, 29, 39 THz, we see discontinuities
of the reflectivity, which indicate the presence of lasing.
At ωs = 24 and 35THz, we see peaks, which come from
surface modes. These singular behaviors are important
as they indicate the presence of unstable modes at these
frequencies. We analyze these five frequencies in Sec. IV.

IV. POLARITON EIGENMODES AND POLES
OF THE REFLECTION MATRIX

We obtained the reflection and transmission coeffi-
cients for fixed ωs in Sec. III. In order to reveal the
connection between the discontinuities of rs and the un-
stable modes of the electric field, we consider the tem-
poral problem in which a wave of a frequency ωs comes
down from z > 0 and its front reaches the surface of the
slab at t = 0. A causal excitation in the air is assumed,
i.e., the field for z > 0 vanish for time t < 0. The train
shape is

Etrain(z = 0, t) =

,
0 (t < 0)

E0e
−iωst (0 ≤ t)

(61)

and we only consider ωs component of the reflected wave
Eref,s(z, t) for simplicity. In a dissipative media, the
frequency-domain field can be obtained by Fourier trans-
form. Since the media is active, however, it may diverge
as t → ∞. Hence, we employ Laplace transform instead
of Fourier transform.

εref,s(z,ω) ≡
- ∞

0

Eref,s(z, t)e
iωtdt (62)

where ℑ[ω] > γ for a sufficiently large, real constant
γ. Our results (56)-(59) are unchanged when we extend

Λm cos(ωHt)

Boundary conditions imposed independently on each frequency:



Results — Normal incidence

Reflectivity of signal Intensity of idler mode

Effect is weak because light doesn’t penetrate deeply into the sample:

Two ways to enhance: shallow incidence or small plasma frequency

Rmax = 1 +
1
4

Λ2
m

Λ2
s

ϵout ω2
H

ϵinω2
p
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FIG. 4: (a) Reflection coefficient R and (b) downconversion
intensity R12 as a function of the signal frequency ω1. We
assume εs = 5, εout = 5.62 (corresponding to diamond), and
Λm = 0.4Λs. Two different values of the Higgs frequency were
taken, ωH = 0.5ωp and ωH = 0.8ωp, where ωp =

√
Λs/(ε0εs)

is the plasma frequency. The green curves, corresponding to
ωH = 0.8ωp, illustrate the effects of dissipation, taken into
account by adding a real constant σr to σ(ω); the blue and
orange curves include no dissipation.

Combining these with Eqs. (11), (12), and (13) yields

r ≡ Br
1

Bi
1

=
(1 + ζ) +

√
εout(η+ + ζη−)

(1 + ζ)−√
εout(η+ + ζη−)

, (20)

r12 ≡ Br∗
2

Bi
1

=
2(γ+ + ζγ−)

(1 + ζ)−√
εout(η+ + ζη−)

, (21)

where

ζ = −
γ+ −√

εoutφ+

γ− −√
εoutφ−

. (22)

Eqs. (20) and (21) are the main theoretical results of this
paper: r is the reflection amplitude of the signal beam,
whereas r12 is the amplitude of the emitted idler mode,
at the down-converted frequency ω2 = ωH − ω1.
Figure 4 shows R = |r|2 and R12 = |r12|2 as a function

of ω1, in the case ωH < ωp, where ωp =
√

Λs/(ε0εs) is the
plasma frequency of the superconductor. Note that, in
the absence of dissipation, there is amplification R−1 > 0
over the entire range 0 < ω1 < ωH, and the maximum
amplification occurs at ω1 = ωH/2. One can study the
effect of dissipation by writing ε(ω) = εs − σ(ω)/(iε0ω)

in Eqs. (20) and (21) and adding a real part to the con-
ductivity function σ(ω). This suppresses the reflectivity
and also reduces the frequency ω1 at which the maximum
occurs, as shown in Fig. 4(a).

Note that the net amplification in Fig. 4 is small, of
order a few percent. In order to understand this, focus
on ω1 = ω2 = ωH/2, where the maximum is obtained,
with value

Rmax = 1 +
εout ω2

H (D+ −D−)
2

[εout ω2
H +D+D−]

2 , (23)

where D± =
√
4 (Λs ± |Λm|) /ε0 − εs ω2

H . For ω2
H $ Λs

and Λm $ Λs, this can be expanded to obtain

Rmax = 1 +
|Λm|2

Λ2
s

εout ω2
H

4 εsω2
p

. (24)

The factor |Λm|2/Λ2
s expresses the fact that the amplifi-

cation is proportional to the intensity of the modulation.
The factor εoutω2

H/(4εsω
2
p) is the square of the London

penetration depth divided by the wavelength of the inci-
dent light; it expresses the fact that amplification is weak
if the light cannot probe deeply into the superconductor.
This suggests that, in order to enhance the amplification,
one could consider instances in which the light can probe
a larger region of the superconductor prior to being re-
flected. Two possible approaches to achieve this come
to mind: First, by using incoming light with a shallow
incidence angle to the sample, thus introducing geometri-
cal factors which enhance the effect; second, by studying
systems in which the Higgs frequency exceeds the plasma
frequency. These possibilities will be discussed elsewhere
[XXX].

The superconductor K3C60 is a natural candidate to
look for Higgs amplification. Here, the low density of
electrons (three per C60 molecule) and the weak hopping
between C60 molecules conspire to yield an anomalously
small plasma frequency ωp = 72meV. Optical excitation
at mid-infrared wavelengths has been shown to trans-
form the equilibrium high temperature (T % Tc) metal-
lic phase of K3C60 into a non-equilibrium state with the
same optical properties of the equilibrium low temper-
ature superconductor (T < Tc). The transient state,
which is thought to be a photoinduced non-equilibrium
superconductor, displays a saturated reflectivity (R = 1),
a gap in the real part of the optical conductivity σ1

and a divergent low-frequency imaginary conductivity σ2.
[XXX]. The onset temperature for light-induced super-
conductivity, Tlight−induced ≈ 100 K, implies a zero tem-
perature gap of order 2∆ ≈ 30 meV7. This gives an
estimate for ωH, which is expected to be reduced from
this value at non-zero temperature (in the fit to our the-
ory, we find ωH is of order 25 meV, see Sec. IV). Hence,
K3C60 combines a relatively large value of ωH/ωp, as nec-
essary to enhance the reflectance in Eq. (24), together
with the possibility for rapid quenches into the supercon-
ducting state by pump pulses, as needed to induce large
Higgs oscillations. In particular, by modifying the type

Ri

ωs /ωH
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FIG. 4: (a) Reflection coefficient R and (b) downconversion
intensity R12 as a function of the signal frequency ω1. We
assume εs = 5, εout = 5.62 (corresponding to diamond), and
Λm = 0.4Λs. Two different values of the Higgs frequency were
taken, ωH = 0.5ωp and ωH = 0.8ωp, where ωp =

√
Λs/(ε0εs)

is the plasma frequency. The green curves, corresponding to
ωH = 0.8ωp, illustrate the effects of dissipation, taken into
account by adding a real constant σr to σ(ω); the blue and
orange curves include no dissipation.

Combining these with Eqs. (11), (12), and (13) yields

r ≡ Br
1

Bi
1

=
(1 + ζ) +

√
εout(η+ + ζη−)

(1 + ζ)−√
εout(η+ + ζη−)

, (20)

r12 ≡ Br∗
2

Bi
1

=
2(γ+ + ζγ−)

(1 + ζ)−√
εout(η+ + ζη−)

, (21)

where

ζ = −
γ+ −√

εoutφ+

γ− −√
εoutφ−

. (22)

Eqs. (20) and (21) are the main theoretical results of this
paper: r is the reflection amplitude of the signal beam,
whereas r12 is the amplitude of the emitted idler mode,
at the down-converted frequency ω2 = ωH − ω1.
Figure 4 shows R = |r|2 and R12 = |r12|2 as a function

of ω1, in the case ωH < ωp, where ωp =
√

Λs/(ε0εs) is the
plasma frequency of the superconductor. Note that, in
the absence of dissipation, there is amplification R−1 > 0
over the entire range 0 < ω1 < ωH, and the maximum
amplification occurs at ω1 = ωH/2. One can study the
effect of dissipation by writing ε(ω) = εs − σ(ω)/(iε0ω)

in Eqs. (20) and (21) and adding a real part to the con-
ductivity function σ(ω). This suppresses the reflectivity
and also reduces the frequency ω1 at which the maximum
occurs, as shown in Fig. 4(a).

Note that the net amplification in Fig. 4 is small, of
order a few percent. In order to understand this, focus
on ω1 = ω2 = ωH/2, where the maximum is obtained,
with value

Rmax = 1 +
εout ω2

H (D+ −D−)
2

[εout ω2
H +D+D−]

2 , (23)

where D± =
√
4 (Λs ± |Λm|) /ε0 − εs ω2

H . For ω2
H $ Λs

and Λm $ Λs, this can be expanded to obtain

Rmax = 1 +
|Λm|2

Λ2
s

εout ω2
H

4 εsω2
p

. (24)

The factor |Λm|2/Λ2
s expresses the fact that the amplifi-

cation is proportional to the intensity of the modulation.
The factor εoutω2

H/(4εsω
2
p) is the square of the London

penetration depth divided by the wavelength of the inci-
dent light; it expresses the fact that amplification is weak
if the light cannot probe deeply into the superconductor.
This suggests that, in order to enhance the amplification,
one could consider instances in which the light can probe
a larger region of the superconductor prior to being re-
flected. Two possible approaches to achieve this come
to mind: First, by using incoming light with a shallow
incidence angle to the sample, thus introducing geometri-
cal factors which enhance the effect; second, by studying
systems in which the Higgs frequency exceeds the plasma
frequency. These possibilities will be discussed elsewhere
[XXX].

The superconductor K3C60 is a natural candidate to
look for Higgs amplification. Here, the low density of
electrons (three per C60 molecule) and the weak hopping
between C60 molecules conspire to yield an anomalously
small plasma frequency ωp = 72meV. Optical excitation
at mid-infrared wavelengths has been shown to trans-
form the equilibrium high temperature (T % Tc) metal-
lic phase of K3C60 into a non-equilibrium state with the
same optical properties of the equilibrium low temper-
ature superconductor (T < Tc). The transient state,
which is thought to be a photoinduced non-equilibrium
superconductor, displays a saturated reflectivity (R = 1),
a gap in the real part of the optical conductivity σ1

and a divergent low-frequency imaginary conductivity σ2.
[XXX]. The onset temperature for light-induced super-
conductivity, Tlight−induced ≈ 100 K, implies a zero tem-
perature gap of order 2∆ ≈ 30 meV7. This gives an
estimate for ωH, which is expected to be reduced from
this value at non-zero temperature (in the fit to our the-
ory, we find ωH is of order 25 meV, see Sec. IV). Hence,
K3C60 combines a relatively large value of ωH/ωp, as nec-
essary to enhance the reflectance in Eq. (24), together
with the possibility for rapid quenches into the supercon-
ducting state by pump pulses, as needed to induce large
Higgs oscillations. In particular, by modifying the type

ωs /ωH
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FIG. 4. (a) Reflection coefficient R11 = |r11|2 and (b) down-
conversion intensity R12 for normal incidence, as a function
of the incident frequency ω1. We assume "0 = 4, Λm = 0.5Λs,
and ωH = 1.3ωp. Different curves illustrate the effect of dis-
sipation, with fixed normal fraction Λn = 0.2Λs and varying
scattering rate γ = 0.002ωp (blue curve), γ = 0.02ωp (or-
ange), and γ = 0.1ωp (green).

value, the transmitted wave becomes a traveling wave,
leading to a reduction of the reflection coefficient). This
allows for a strongly enhanced amplification from the
Higgs mode, as shown in Fig. 4. In this regime, it is
essential to include dissipation in the bulk of the super-
conductor; we take it into account in a two-fluid model,
in which

#(ω) = #0 +
4πΛs

ω(ω + i0+)
+

4πΛn

ω(ω + iγ)
(46)

where Λn/Λs is the normal fraction and γ is the normal
scattering rate. For ω ≫ γ, #(ω) ≈ #0+4π(Λs+Λn)/ω

2−
4πiΛnγ/ω

3, and hence the plasma frequency is given by

the total charge density ωp =
$

4π(Λs + Λn)/#0, whereas
the dissipation is controlled by the product Λnγ. Figure
4 shows the strong suppression of the amplification as a
Λnγ is increased.

The condition ωH > ωp may be realized in strongly
layered superconductors, for which the frequency of the
Josephson plasmons is low. Then, light whose polariza-
tion is normal to the planes may be in this regime. The
isotropic superconductor K3C60 may also be a candidate
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FIG. 5. Contributions to the reflectivity from signal R11 (blue
curve) and idler R12 (green) waves, and their incoherent sum
(green), as a function of the reflected frequency ω. We assume
normal incidence, "0 = 4, Λm = 0.5Λs, ωH = 1.3ωp, Λn =
0.2Λs, and γ = 0.16ωp. For reference, the red curve shows
the reflectivity of a normal metal with the same total carrier
density and scattering rate.

for this regime. Here, the low density of electrons (three
per C60 molecule) and the weak hopping between C60

molecules conspire to yield an anomalously small plasma
energy, as observed in optical measurements in the nor-
mal phase [Cavalleri].

IV. APPLICATION TO CAVALLERI’S
EXPERIMENTS

Here we show that the experimental pump-probe re-
sults in K3C60 can be qualitatively explained with our
model. The experimental input signal is broadband, such
that all signal frequencies ω1 in the range between 0 and
ωH can be taken to have equal intensity. Hence, the mea-
sured reflectivity R at the output frequency ω receives
contributions from R11 at the signal frequency ω1 = ω
and from R12 at the idler frequency ω2 = ω (correspond-
ing to ω1 = ωH − ω). We sum these two contributions
incoherently. Figure 5 shows the reflectivity as a func-
tion of reflected frequency ω for normal incidence, for the
choice of parameters #0 = 4, Λm = 0.5Λs, ωH = 1.3ωp,
Λn = 0.2Λs, and γ = 0.16ωp. The resulting reflection co-
efficient has a non-monotonic dependence on frequency,
with a double-peak structure in which the high-frequency
peak, at ω ≈ ωp, is dominated by the idler and the low-
frequency peak, at ω ≈ ωH − ω, receives contributions
from both the signal and the idler. As dissipation is
increased, the peaks widen and their heights are sup-
pressed. The relative height of the peaks can also be
controlled by allowing the scattering γ to be frequency-
dependent, although for simplicity we do not consider
that possibility.
A slightly more realistic modeling of the experimental

setup involves taking into account the geometry of the
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energy, as observed in optical measurements in the nor-
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Here we show that the experimental pump-probe re-
sults in K3C60 can be qualitatively explained with our
model. The experimental input signal is broadband, such
that all signal frequencies ω1 in the range between 0 and
ωH can be taken to have equal intensity. Hence, the mea-
sured reflectivity R at the output frequency ω receives
contributions from R11 at the signal frequency ω1 = ω
and from R12 at the idler frequency ω2 = ω (correspond-
ing to ω1 = ωH − ω). We sum these two contributions
incoherently. Figure 5 shows the reflectivity as a func-
tion of reflected frequency ω for normal incidence, for the
choice of parameters #0 = 4, Λm = 0.5Λs, ωH = 1.3ωp,
Λn = 0.2Λs, and γ = 0.16ωp. The resulting reflection co-
efficient has a non-monotonic dependence on frequency,
with a double-peak structure in which the high-frequency
peak, at ω ≈ ωp, is dominated by the idler and the low-
frequency peak, at ω ≈ ωH − ω, receives contributions
from both the signal and the idler. As dissipation is
increased, the peaks widen and their heights are sup-
pressed. The relative height of the peaks can also be
controlled by allowing the scattering γ to be frequency-
dependent, although for simplicity we do not consider
that possibility.

A slightly more realistic modeling of the experimental
setup involves taking into account the geometry of the
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Possible light-induced superconductivity in K3C60 
at high temperature
M. Mitrano1, A. Cantaluppi1,2, D. Nicoletti1,2, S. Kaiser1, A. Perucchi3, S. Lupi4, P. Di Pietro3, D. Pontiroli5, M. Riccò5, 
S. R. Clark1,6,7, D. Jaksch7,8 & A. Cavalleri1,2,7

The non-equilibrium control of emergent phenomena in solids is 
an important research frontier, encompassing effects such as the 
optical enhancement of superconductivity1. Nonlinear excitation2,3 
of certain phonons in bilayer copper oxides was recently shown to 
induce superconducting-like optical properties at temperatures 
far greater than the superconducting transition temperature, Tc  
(refs 4–6). This effect was accompanied by the disruption of 
competing charge-density-wave correlations7,8, which explained 
some but not all of the experimental results. Here we report a similar 
phenomenon in a very different compound, K3C60. By exciting 
metallic K3C60 with mid-infrared optical pulses, we induce a large 
increase in carrier mobility, accompanied by the opening of a gap 
in the optical conductivity. These same signatures are observed 
at equilibrium when cooling metallic K3C60 below Tc (20 kelvin). 
Although optical techniques alone cannot unequivocally identify 
non-equilibrium high-temperature superconductivity, we propose 
this as a possible explanation of our results.

Molecular solids of chemical formula A3C60 often crystallize in 
face-centred cubic structures (Fig. 1a) in which each C60

3− ion contrib-
utes three half-filled molecular orbitals to form narrow bands9. These 
electronic states give rise to superconductivity at equilibrium10,11, medi-
ated by a combination of electronic correlations12,13 and local molecular 
vibrations14–16.

In the experiments reported here, femtosecond mid-infrared optical 
pulses were used to excite K3C60 powders (see Methods and Extended 
Data Fig. 1 for sample characterization). The excitation (‘pump’) pulses 
were tuned to wavelengths between 6 µm and 15 µm (200–80 meV pho-
ton energy), a spectral region in which both the metallic plasma and 
local molecular vibrations could be excited. The resulting changes 
in terahertz (THz)-frequency reflectivity and optical conductiv-
ity were measured with a second pulse (the ‘probe’), a quasi-single- 
cycle THz-field transient, which was detected after reflection from the 
photo-excited material (see Methods and Extended Data Figs 2, 3). 
These transient changes were determined at different pump–probe time 
delays and normalized to the absolute equilibrium optical properties 
measured on the same sample (Extended Data Fig. 4).

Figure 1c displays two representative frequency-dependent equilib-
rium reflectivity spectra R(ω) measured above and below Tc (20 K). The 
corresponding real and imaginary part of the optical conductivity, σ1(ω) 
and σ2(ω), as extracted by Kramers–Kronig transformations, are shown 
respectively in Fig. 1d and e. Similar to what has been reported for K3C60 
single crystals17–19, in the metallic state (T = 25 K) the optical conduc-
tivity displayed a narrow Drude peak and a polaronic band20 centred 
at 55 meV. When cooling below Tc, a saturated reflectivity (R = 1), an 
optical gap in σ1(ω) and a divergent σ2(ω) emerged from the metal.

This equilibrium superconducting response is to be compared with 
that measured in metallic high-temperature K3C60 after excitation 

at 7 µm wavelength (180 meV photon energy), which is tuned to the 
T1u(4) vibration (see Fig. 2 for measurements at 1 ps time delay). For 
all temperatures between Tc = 20 K and T = 100 K, photo-excitation 
drove transient changes in the optical properties, which were very sim-
ilar to those observed when cooling at equilibrium (see also Extended 
Data Fig. 5). At a 1 ps pump–probe time delay, we observed a saturated 
reflectivity (R = 1; Fig. 2a and d), gapped σ1(ω) (Fig. 2b and e), and 
divergent σ2(ω) (Fig. 2c and f).

Furthermore, all transient optical spectra could be fitted with the 
same function used for the low-temperature superconductor at equilib-
rium. An extension of the Mattis–Bardeen model was used, applicable 
to superconductors of arbitrary purity and taking into account both 
an optical gap (a superconducting component) and a fluid of normal 
quasi-particles (a Drude component)21. The non-equilibrium fits  
evidenced an 11 meV gap in the non-equilibrium σ1(ω), nearly twice as  
large as the 6 meV superconducting gap at equilibrium.

Figure 3 reports similar measurements taken at higher temperatures, 
for which the effect progressively disappeared as temperature increased. 

1Max Planck Institute for the Structure and Dynamics of Matter, Luruper Chaussee 149, 22761 Hamburg, Germany. 2The Hamburg Centre for Ultrafast Imaging, Luruper Chaussee 149, 22761 
Hamburg, Germany. 3INSTM UdR Trieste-ST and Elettra–Sincrotrone Trieste S.C.p.A., Area Science Park, 34012 Basovizza, Trieste, Italy. 4CNR-IOM and Dipartimento di Fisica, Università di Roma 
“Sapienza”, Piazzale A. Moro 2, 00185 Roma, Italy. 5Dipartimento di Fisica e Scienze della Terra, Università degli Studi di Parma, Parco Area delle Scienze, 7/a, 43124 Parma, Italy. 6Department 
of Physics, University of Bath, Claverton Down, Bath BA2 7AY, UK. 7Department of Physics, Oxford University, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. 8Centre for Quantum 
Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543, Singapore.

Figure 1 | Structure and equilibrium optical properties of K3C60.  
a, Face-centred cubic (f.c.c.) unit cell of K3C60 (ref. 26). Blue bonds link  
the C atoms in each C60 molecule. K atoms are represented as red  
spheres. b, C60 molecular distortion (red) along the T1u(4) vibrational 
mode coordinates. The equilibrium structure is displayed in blue.  
c–e, Equilibrium reflectivity at the sample–diamond interface R(ω) (c) and 
complex optical conductivity (d, real, σ1(ω); e, imaginary, σ2(ω)) of K3C60 
measured at T = 25 K (red) and T = 10 K (blue). Hatched regions highlight 
changes across the superconducting transition.
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Low electron density (3 per C60 molecule)

Weak hopping between C60 molecules

—> Small plasma frequency ωp = 72meV

Photo-induced superconductivity has onset at ~120 K

—> Estimate for Higgs frequency ωH ≈ 2Δ = 30meV

In order to induce Higgs oscillations, need quench faster than

τ* =
h

ωH
≈ 300 fs



Experiment — Pulse width dependence

τ ≫ τ*
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FIG. 4: (a) Reflection coefficient R and (b) downconversion
intensity R12 as a function of the signal frequency ω1. We
assume εs = 5, εout = 5.62 (corresponding to diamond), and
Λm = 0.4Λs. Two different values of the Higgs frequency were
taken, ωH = 0.5ωp and ωH = 0.8ωp, where ωp =

√
Λs/(ε0εs)

is the plasma frequency. The green curves, corresponding to
ωH = 0.8ωp, illustrate the effects of dissipation, taken into
account by adding a real constant σr to σ(ω); the blue and
orange curves include no dissipation.

Combining these with Eqs. (11), (12), and (13) yields

r ≡ Br
1

Bi
1

=
(1 + ζ) +

√
εout(η+ + ζη−)

(1 + ζ)−√
εout(η+ + ζη−)

, (20)

r12 ≡ Br∗
2

Bi
1

=
2(γ+ + ζγ−)

(1 + ζ)−√
εout(η+ + ζη−)

, (21)

where

ζ = −
γ+ −√

εoutφ+

γ− −√
εoutφ−

. (22)

Eqs. (20) and (21) are the main theoretical results of this
paper: r is the reflection amplitude of the signal beam,
whereas r12 is the amplitude of the emitted idler mode,
at the down-converted frequency ω2 = ωH − ω1.
Figure 4 shows R = |r|2 and R12 = |r12|2 as a function

of ω1, in the case ωH < ωp, where ωp =
√

Λs/(ε0εs) is the
plasma frequency of the superconductor. Note that, in
the absence of dissipation, there is amplification R−1 > 0
over the entire range 0 < ω1 < ωH, and the maximum
amplification occurs at ω1 = ωH/2. One can study the
effect of dissipation by writing ε(ω) = εs − σ(ω)/(iε0ω)

in Eqs. (20) and (21) and adding a real part to the con-
ductivity function σ(ω). This suppresses the reflectivity
and also reduces the frequency ω1 at which the maximum
occurs, as shown in Fig. 4(a).

Note that the net amplification in Fig. 4 is small, of
order a few percent. In order to understand this, focus
on ω1 = ω2 = ωH/2, where the maximum is obtained,
with value

Rmax = 1 +
εout ω2

H (D+ −D−)
2

[εout ω2
H +D+D−]

2 , (23)

where D± =
√
4 (Λs ± |Λm|) /ε0 − εs ω2

H . For ω2
H $ Λs

and Λm $ Λs, this can be expanded to obtain

Rmax = 1 +
|Λm|2

Λ2
s

εout ω2
H

4 εsω2
p

. (24)

The factor |Λm|2/Λ2
s expresses the fact that the amplifi-

cation is proportional to the intensity of the modulation.
The factor εoutω2

H/(4εsω
2
p) is the square of the London

penetration depth divided by the wavelength of the inci-
dent light; it expresses the fact that amplification is weak
if the light cannot probe deeply into the superconductor.
This suggests that, in order to enhance the amplification,
one could consider instances in which the light can probe
a larger region of the superconductor prior to being re-
flected. Two possible approaches to achieve this come
to mind: First, by using incoming light with a shallow
incidence angle to the sample, thus introducing geometri-
cal factors which enhance the effect; second, by studying
systems in which the Higgs frequency exceeds the plasma
frequency. These possibilities will be discussed elsewhere
[XXX].

The superconductor K3C60 is a natural candidate to
look for Higgs amplification. Here, the low density of
electrons (three per C60 molecule) and the weak hopping
between C60 molecules conspire to yield an anomalously
small plasma frequency ωp = 72meV. Optical excitation
at mid-infrared wavelengths has been shown to trans-
form the equilibrium high temperature (T % Tc) metal-
lic phase of K3C60 into a non-equilibrium state with the
same optical properties of the equilibrium low temper-
ature superconductor (T < Tc). The transient state,
which is thought to be a photoinduced non-equilibrium
superconductor, displays a saturated reflectivity (R = 1),
a gap in the real part of the optical conductivity σ1

and a divergent low-frequency imaginary conductivity σ2.
[XXX]. The onset temperature for light-induced super-
conductivity, Tlight−induced ≈ 100 K, implies a zero tem-
perature gap of order 2∆ ≈ 30 meV7. This gives an
estimate for ωH, which is expected to be reduced from
this value at non-zero temperature (in the fit to our the-
ory, we find ωH is of order 25 meV, see Sec. IV). Hence,
K3C60 combines a relatively large value of ωH/ωp, as nec-
essary to enhance the reflectance in Eq. (24), together
with the possibility for rapid quenches into the supercon-
ducting state by pump pulses, as needed to induce large
Higgs oscillations. In particular, by modifying the type

Maximum amplification (6%) at 10 meV

This suggests that Higgs frequency is somewhat higher than 20 meV

Good match to data for

d
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Fit to experiment

2

t1 signal t1idler t2

tH = t1 + t2

incoming outgoing

N photons

N+1 photons1 photon

FIG. 2: Illustration of amplification in a superconductor
with excited Higgs mode. Coherently excited Higgs mode
(purple curves in the left panel) produces pairs of photons
whose energies add up to ωH. The probe pulse selects photons
that match the incoming/reflected photons: a beam with N
photons of frequency ω1 is incident on the superconductor
(left); the output consists of N + 1 photons of frequency ω1,
plus a single photon of frequency ω2 (right). Note that the ω2

photon travels “ backward”, due to momentum conservation
in the plane. This process can be amplified, to yield signals
with a large number of both ω1 and ω2 photons.
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FIG. 3: Dots – Measured reflectivity at the interface between
dimond and K3C60 in its light-induced superconducting state,
for pump pulses τ of different durations. The shortest pump
pulses give rise to amplification R > 1 at low frequencies.
Curves – theoretical reflectivity of a superconductor with
time-modulated superfluid density, with increasing modula-
tion strength used for short pulses (for details see Sec. IV).

II. OPTICAL PROPERTIES OF
SUPERCONDUCTORS WITH AN EXCITED

HIGGS MODE

A. From Higgs oscillations to anomalous reflection

Before going into detailed calculations we present a
simple qualitative picture of the Higgs amplification phe-
nomenon. The obvious first question is how the Higgs
mode couples to light. This can be understood by observ-
ing that in a general state with broken continuous sym-
metry, the Higgs mode can decay into a pair of Goldstone
modes. For neutral superfluids, this process determines
the lifetime of Higgs excitations 16 [XXX]. In supercon-

ductors, the Goldstone mode describes phase fluctuations
and therefore charge current, which interacts directly
with photons. Deep inside the material, these photons
are gapped to the plasma frequency by the Anderson-
Higgs mechanism. However, near the surface, we expect
that a Higgs excitation can decay into a pair of gapless
vacuum photons, which corresponds to an effective term
in the Hamiltonian

HHiggs/photons ∼
∑

ω1+ω2=ωH

(ha†ω1
a†ω2

+ h.c. ) (1)

where ωH is the Higgs mode frequency. A superconduc-
tor with a coherently excited Higgs mode has expecta-
tion value of 〈h(t)〉 ∼ eiωHt, thus we find a production
of photon pairs whose energies add up to ωH. In other
words, the energy of the excited Higgs mode is converted
into entangled photon pairs. In the absence of the probe
pulse, all photon pairs are generated equally. However,
the incoming probe enhances the generation of pairs in
which one of the photons matches the incident photons
because of the bosonic stimulation factor.

One can understand the origin of the coupling in
Eq. (1) from a more classical consideration. In super-
conductors, the diamagnetic coupling term between light
and matter, Hdia = e2!2

2mc2nsA2, plays a key role, giving
rise to the London equation for the current response to an
electromagnetic field and to the Meisner effect. Here, ns

is the superfluid density which, for a coherently driven
Higgs mode, is expected to oscillate at the Higgs fre-
quency, ns = ns,0 + δn cos(ωHt). In a quantized descrip-
tion of the electromagnetic field, the vector potentialA is
a linear combination of photon creation and annihilation
operators, schematically of the form A ∼

∑
ω(aω + a†ω).

This implies that the diamagnetic term gives rise to the
term (1), where h is a quantum analog of the oscillat-
ing part of the superfluid density δn. Interactions of this
type are known to give rise to stimulated emission and
parametric down conversion of light17.

Hence we can summarize the mechanism of Higgs am-
plification as follows. Consider an incident probe pulse
composed of N photons at frequency ω1 as it is reflected
from a superconductor. The term a†ω1

a†ω2
creates a pair

of photons, leading to a state with N + 1 photons at ω1

and one ω2 photon, see Fig. 2. The amplitude of this
process is enhanced by a Bose factor of

√
N + 1. So long

as the Higgs mode remains excited, this process leads to
amplification of ω1 photons and generation of ω2 pho-
tons, until the Higgs mode is depleted. The net effect is
outgoing light with two frequencies, ω1 and ω2, related
by ω1 + ω2 = ωH, and the outgoing light at ω1 having a
higher intensity than the incoming signal. The next sub-
section presents details of this calculation using a semi-
classical description of photons with Maxwell equations.

7

The measured optical conductivity σ(ω) has Higgs
modulations built in. In order to make a comparison
between theory and experiment, we need to model the
optical conductivity of the unmodulated superconduct-
ing state, σ̃. We parametrize σ̃ as a sum of Drude and
Lorentzian peaks:

σ̃(ω) =
Λs

ε0

1

γD − iω
+

3∑

n=1

Bn ω

i(ω2 − Ω2
n) + γn ω

(25)

The Lorentzians represent the broad mid-infrared pola-
ronic peak in K3C60 [cite]. For simplicity, we assume this
peak to be unaffected by the onset of superconductivity,
and fix the parameters Bn, Ωn, and γn by fitting to the
conductivity of the normal state, as discussed in Sec. B.
For the light-induced superconducting phase, we main-
tain the same values for the Lorentzian peaks, while for
the Drude peak we replace γD → 0+ and allow Λs, which
plays the role of the static superfluid density, to vary.

Given the unmodulated conductivity σ̃, we use the re-
sults of Section II to model the Higgs amplification phe-
nomenon. We apply Eq. (20) to compute the complex
reflection coefficient r at the signal frequency, in which
we take ε(ω) = εs − σ̃(ω)/(iε0ω). By inverting the Fres-
nel equation, r is then expressed as an effective optical
conductivity σ(ω), see Sec. A, allowing us to make a com-
parison of the full complex response of the system.

We find that it is possible to describe well the exper-
imental data by taking ωH = 24 meV. Then, for each
value of τ , there are only two parameters we allow to
change, the superfluid density Λs and the amplitude of
Higgs modulations, Λm/Λs. Figure 8 shows the complex
optical conductivity of the superconductor with parame-
ters as chosen in Table I. The corresponding reflectivity
is shown in Fig. IV. These results show good qualitative
agreement with measurements, despite the limited num-
ber of fitting parameters used and the simplicity of the
model, which does not take into account the full micro-
scopic details of the system. In our fit, we find that the
Higgs modulation increases with decreasing τ , in agree-
ment with the expectation that shorter pulses give rise to
more rapid quenches into the superconducting state, and
therefore to larger amplitude Higgs oscillations. In addi-
tion, we find that Λs is slightly larger than its equilibrium
value in the normal state Λs,eq. This effect is larger for
the shorter pulses, which can occur since the pump drives
the system nonlinearly. Therefore, even though the total
pump pulse energy is maintained fixed, the shorter pulses
have higher intensities, and can drive the superconduc-
tivity more strongly. Note that, in order to preserve
sum rules, this requires spectral weight to transfer from
higher energies and may be an indication that the plas-
monic peak must be modified in a complete microscopic
description of the phenomenon. Such a modification of
the plasmonic peak, and its effects on the reflectivity, are
explored in Sec. C.

τ (fs) Λs/Λs,eq Λm/Λs

2000 1.05 0.2
1000 1.11 0.37
100 1.17 0.47

TABLE I: Model parameters for different pump pulse widths.
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FIG. 8: Dots – measured conductivity for different pump
pulse widths. Solid curves – theoretical conductivity once
Higgs modulations are taken into account. The parameters
in the fit are shown in Table I

V. SUMMARY AND DISCUSSION

In this paper, we have introduced the phenomenon of
Higgs amplification and provided strong evidence for it in
experiments on the light-induced superconducting state
of K3C60. In addition to its interest as a fundamental
physical process, Higgs amplification can be used as a
probe of collective dynamics, especially in transient light-
induced states where other probes are not available.

From a practical point of view, Higgs amplification has
many desirable properties. Collective modes have typical
energies of order a few meV, allowing for amplification of
light in the THz range. This, combined with the poten-

7

The measured optical conductivity σ(ω) has Higgs
modulations built in. In order to make a comparison
between theory and experiment, we need to model the
optical conductivity of the unmodulated superconduct-
ing state, σ̃. We parametrize σ̃ as a sum of Drude and
Lorentzian peaks:

σ̃(ω) =
Λs

ε0

1

γD − iω
+

3∑

n=1

Bn ω

i(ω2 − Ω2
n) + γn ω

(25)

The Lorentzians represent the broad mid-infrared pola-
ronic peak in K3C60 [cite]. For simplicity, we assume this
peak to be unaffected by the onset of superconductivity,
and fix the parameters Bn, Ωn, and γn by fitting to the
conductivity of the normal state, as discussed in Sec. B.
For the light-induced superconducting phase, we main-
tain the same values for the Lorentzian peaks, while for
the Drude peak we replace γD → 0+ and allow Λs, which
plays the role of the static superfluid density, to vary.

Given the unmodulated conductivity σ̃, we use the re-
sults of Section II to model the Higgs amplification phe-
nomenon. We apply Eq. (20) to compute the complex
reflection coefficient r at the signal frequency, in which
we take ε(ω) = εs − σ̃(ω)/(iε0ω). By inverting the Fres-
nel equation, r is then expressed as an effective optical
conductivity σ(ω), see Sec. A, allowing us to make a com-
parison of the full complex response of the system.

We find that it is possible to describe well the exper-
imental data by taking ωH = 24 meV. Then, for each
value of τ , there are only two parameters we allow to
change, the superfluid density Λs and the amplitude of
Higgs modulations, Λm/Λs. Figure 8 shows the complex
optical conductivity of the superconductor with parame-
ters as chosen in Table I. The corresponding reflectivity
is shown in Fig. IV. These results show good qualitative
agreement with measurements, despite the limited num-
ber of fitting parameters used and the simplicity of the
model, which does not take into account the full micro-
scopic details of the system. In our fit, we find that the
Higgs modulation increases with decreasing τ , in agree-
ment with the expectation that shorter pulses give rise to
more rapid quenches into the superconducting state, and
therefore to larger amplitude Higgs oscillations. In addi-
tion, we find that Λs is slightly larger than its equilibrium
value in the normal state Λs,eq. This effect is larger for
the shorter pulses, which can occur since the pump drives
the system nonlinearly. Therefore, even though the total
pump pulse energy is maintained fixed, the shorter pulses
have higher intensities, and can drive the superconduc-
tivity more strongly. Note that, in order to preserve
sum rules, this requires spectral weight to transfer from
higher energies and may be an indication that the plas-
monic peak must be modified in a complete microscopic
description of the phenomenon. Such a modification of
the plasmonic peak, and its effects on the reflectivity, are
explored in Sec. C.

τ (fs) Λs/Λs,eq Λm/Λs

2000 1.05 0.2
1000 1.11 0.37
100 1.17 0.47

TABLE I: Model parameters for different pump pulse widths.
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FIG. 8: Dots – measured conductivity for different pump
pulse widths. Solid curves – theoretical conductivity once
Higgs modulations are taken into account. The parameters
in the fit are shown in Table I

V. SUMMARY AND DISCUSSION

In this paper, we have introduced the phenomenon of
Higgs amplification and provided strong evidence for it in
experiments on the light-induced superconducting state
of K3C60. In addition to its interest as a fundamental
physical process, Higgs amplification can be used as a
probe of collective dynamics, especially in transient light-
induced states where other probes are not available.

From a practical point of view, Higgs amplification has
many desirable properties. Collective modes have typical
energies of order a few meV, allowing for amplification of
light in the THz range. This, combined with the poten-
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peak to be unaffected by the onset of superconductivity,
and fix the parameters Bn, Ωn, and γn by fitting to the
conductivity of the normal state, as discussed in Sec. B.
For the light-induced superconducting phase, we main-
tain the same values for the Lorentzian peaks, while for
the Drude peak we replace γD → 0+ and allow Λs, which
plays the role of the static superfluid density, to vary.

Given the unmodulated conductivity σ̃, we use the re-
sults of Section II to model the Higgs amplification phe-
nomenon. We apply Eq. (20) to compute the complex
reflection coefficient r at the signal frequency, in which
we take ε(ω) = εs − σ̃(ω)/(iε0ω). By inverting the Fres-
nel equation, r is then expressed as an effective optical
conductivity σ(ω), see Sec. A, allowing us to make a com-
parison of the full complex response of the system.

We find that it is possible to describe well the exper-
imental data by taking ωH = 24 meV. Then, for each
value of τ , there are only two parameters we allow to
change, the superfluid density Λs and the amplitude of
Higgs modulations, Λm/Λs. Figure 8 shows the complex
optical conductivity of the superconductor with parame-
ters as chosen in Table I. The corresponding reflectivity
is shown in Fig. IV. These results show good qualitative
agreement with measurements, despite the limited num-
ber of fitting parameters used and the simplicity of the
model, which does not take into account the full micro-
scopic details of the system. In our fit, we find that the
Higgs modulation increases with decreasing τ , in agree-
ment with the expectation that shorter pulses give rise to
more rapid quenches into the superconducting state, and
therefore to larger amplitude Higgs oscillations. In addi-
tion, we find that Λs is slightly larger than its equilibrium
value in the normal state Λs,eq. This effect is larger for
the shorter pulses, which can occur since the pump drives
the system nonlinearly. Therefore, even though the total
pump pulse energy is maintained fixed, the shorter pulses
have higher intensities, and can drive the superconduc-
tivity more strongly. Note that, in order to preserve
sum rules, this requires spectral weight to transfer from
higher energies and may be an indication that the plas-
monic peak must be modified in a complete microscopic
description of the phenomenon. Such a modification of
the plasmonic peak, and its effects on the reflectivity, are
explored in Sec. C.
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V. SUMMARY AND DISCUSSION

In this paper, we have introduced the phenomenon of
Higgs amplification and provided strong evidence for it in
experiments on the light-induced superconducting state
of K3C60. In addition to its interest as a fundamental
physical process, Higgs amplification can be used as a
probe of collective dynamics, especially in transient light-
induced states where other probes are not available.

From a practical point of view, Higgs amplification has
many desirable properties. Collective modes have typical
energies of order a few meV, allowing for amplification of
light in the THz range. This, combined with the poten-

ωH = 24 meV
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Higgs oscillations decay (into quasiparticle pairs or vacuum photons)

This results in oscillations with  
a broadened spectral weight

To leading order in the amplitude of oscillations, amplification is an 
integral over this spectral weight

Idler’s frequency broadened, making it more difficult to observe
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The total impedance Z̃(✓,!) is defined as

1

Z̃(✓,!)
⌘ c

4⇡

By(z = 0)

Ex(z = 0)
=

R1
0 jxDdz

Ex(z = 0)
, (18)

where the last equation is obtained by integration of the
first Maxwell equation (14) over z within the sample.

The total displacement current is given by

Z 1

0
jxDdz = [Z0(✓,!)]

�1 Ex(z = l0) +

Z l0

0
jxDdz, (19)

where Z0(✓,!) is the equilibrium impedance in the bulk
and the second term is always small for !l0/c ⌧ 1. It
is the field Ex that drastically changes across the active
layer; in fact, for !l0/c ⌧ 1, ~r⇥ ~E ⇡ 0 and we obtain

Ex|z=l0 �Ex|z=0 =

Z l0

0
@x�Ezdz =

Z l0

0

@x�Dz

✏r
dz. (20)

Finding �Dz from Eqs. (5) and (16) we obtain the
angular dependence of the non-equilibrium impedance

Z̃ = Z0(✓,!) + Zneq(✓,!); Zneq ⌘ sin2 ✓ Y (!), (21)

where Z0(✓,!) has to be extracted from equilibrium ex-
perimental measurements [23].

The factorization of the non-equilibrium contribution
Zneq into angle and frequency dependent terms is a dis-
tinctive feature of the active layer model. The specific
✓-dependence shown in Eq. (21) is a consequence of the
assumed domain shape. A more complex domain struc-
ture would produce a more complicated ✓-dependence.

The function Y (!) is formally expressed as

c

4⇡
Y (!) =

1

✏r

!2

c

Z l0

0
dz1dz2

1

E⇤(z1)
Lz1,z2E

⇤(z2);

L =
h
(�G/I, 1,�1) L̂�1

�
0; 1; 0

�T i
.

(22)

We neglect the factor G/I which is of the order of the rate
at which the state relaxes back to equilibrium divided by
the frequency: G

I ⇠ @I/@⇣
! ⌧ 1. Explicit calculation

within the model leading to Eq. (13) gives

c

4⇡
Y (!) = �!El0

✏rc

⇣
1� i

�

!

⌘✓
tan[k(!)l0]

k(!)l0
� 1

◆
, (23)

where k(!) is found from Eq. (12). The function Y (!)
(see Fig. 3a) vanishes as ! ! 0. For small !, Re(Y ) < 0
and Y has poles at the eigenfrequencies given in Eq. (13).
The high frequency behavior cannot be obtained from
Eq. (23), valid only for ! < c

l0
. The remarkable feature

of Eq. (23) is that the pre-factor (!El0/c) can easily
exceed unity; the origin of this largeness is the sensitivity
of the entropy production to the integral of motion ".

We used Eqs. (17), (21), (23) to calculate the reflec-

FIG. 3. (Color online) (a) Plot of the real (solid line) and imaginary
(dashed line) part of Y (!). (b) Theoretical R(✓) of K3C60 at ! =
6meV = 1.44THz in equilibrium (red) and non-equilibrium (blue);
notice the marked dependence on the angle and the presence of a region
where R > 1. Plots are for the parameters of Fig. 1a.

tivity. From Eq. (21) we see that at ✓ = 0 (normal in-
cidence) the non-equilibrium e↵ects are not visible in R,
while from Eq. (17) we see that at ✓ = ⇡/2, |r| = 1
for both equilibrium and non-equilibrium states. For
0 < ✓ < ⇡/2, non-equilibrium e↵ects are evident in the
reflectivity, see Fig. 3b. Intuition may be gained con-
sidering the Hagen-Rubens limit |Z̃| ⌧ 1 [24] in which
R(!) ⇡ 1�4Re[Z0+sin2 ✓Y (!)]/ cos ✓, showing that the
reflectivity is enhanced relative to equilibrium for Y < 0
and suppressed for Y > 0. The large value of !El0/c
means that Re(Z) can become negative for ! . Re(!0),
leading to R > 1; such amplification is allowed in a
non-equilibrium system. Notice however that there is
no spontaneous emission instability (no lasing).

We briefly mention nonlinear response e↵ects implied
by our model: (i) Second harmonic generation (SHG) is
made possible by the non-zero value of the spontaneous
polarization E⇤, which reduces the symmetry to uniax-
ial. The SHG signal is maximal for excitation frequencies
near !0/2 and !0, corresponding to resonances in the out-
going or incoming state respectively. (ii) A parametric
resonance instability may lead to radiation at frequencies
⇠ !0 in response to an incident wave of frequency close to
2!0 [25]; the observable features are the same as those of
the recently discussed “Floquet time crystal” state [26].

In conclusion, we plotted R(!) = |r(!, ✓ = 45�)|2 for
“sensible” parameters values in Figs. 1a and 1b. The re-
semblance with the experimental data is very reasonable,
even though we cannot make any definite conclusion un-
til the data on polarization and angular dependence are
available.
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Recent experiments on K3C60 and layered copper-oxide materials have reported substantial changes in the
optical response following application of an intense THz pulse. These data have been interpreted as the
stimulation of a transient superconducting state even at temperatures well above the equilibrium transition
temperature. We propose an alternative phenomenology based on the assumption that the pulse creates a
nonsuperconducting, though nonequilibrium, situation in which the linear response conductivity is negative.
The negative conductivity implies that the spatially uniform prepulse state is unstable and evolves to a new
state with a spontaneous electric polarization. This state exhibits coupled oscillations of entropy and electric
charge whose coupling to incident probe radiation modifies the reflectivity, leading to an apparently super-
conductinglike response that resembles the data. Dependencies of the reflectivity on polarization and angle of
incidence of the probe are predicted and other experimental consequences are discussed.

DOI: 10.1103/PhysRevB.98.220510

There has been substantial interest in the use of intense
radiation fields to drive materials into nonequilibrium states
[1]. Particular excitement has been generated by reports [2–4]
of dramatic changes in the electromagnetic response of K3C60
and layered copper-oxide materials after their exposure to
intense THz radiation. The key features of the data are as
follows: (i) Before the application of the pump pulse, the
material is in the normal (unbroken symmetry) state; (ii) after
photoexcitation of the material by the pump, the reflectivity
R(ω) is measured as a function of the frequency ω of a probe
field; and (iii) for some time after the pump excitation, R(ω)
is found to be substantially enhanced at low frequency (see
the insets in Fig. 1). This enhancement has been interpreted in
terms of the creation, by the pulse, of a superconducting (SC)
state.

Theories proposed to date [5–11] are all based on the
premise that the pump pulse changes the interactions and/or
structure in a way that enables a transition to a broken
symmetry SC state at a temperature much higher than that
of the equilibrium transition. In this Rapid Communication,
we point out that the data do not require this interpretation;
instead, the observations can be understood within a general
phenomenology that does not involve SC.

The essence of our model is as follows: (i) We argue on
general grounds that a nonequilibrium system can exhibit a
negative linear response conductivity; (ii) in this case the spa-
tially homogeneous state is unstable and evolves to a new state
characterized by domains of constant electric field bounded
by sheets of charge [Fig. 2(a)]; and (iii) in the experimentally
relevant situation where the nonequilibrium state is produced
by a pulse and thereafter evolves with a conserved energy,
we show that the system sustains collective modes strongly
coupled to incident radiation, leading to the reflectivity curves
shown in Fig. 1.

(i) Consider the system out of equilibrium. The sample
occupies the half space z > 0. Pump radiation incident from

z < 0 creates a nonequilibrium situation, which we assume
relaxes rapidly to a quasisteady nonequilibrium state; in the
simplest case this state is characterized by one parameter,
ζ (!r, t ), which relaxes slowly to its equilibrium value ζ = 0.
The precise microscopic description of ζ is not important
here. For ζ "= 0, entropy density S is produced; we describe
this production by a generation function G0(ζ ) with G0(ζ "=
0) > 0. Electric fields E and currents j produce entropy via
the Joule heating term jE, leading to (T is a pseudotempera-
ture defined later)

T ∂t S = σ !E2 + G0(ζ ) = ρ !j 2 + G0(ζ ). (1)

Here, the conductivity (resistivity) σ (ρ) depends on ζ, T .
The second law of thermodynamics requires dS

dt
! 0. At

equilibrium G0(ζ = 0) = 0, implying ρ ! 0. This means that
in a system which is superconducting (ρ = 0 for a range
of T ), ρ(T ) cannot be an analytic function of T : In other
words, the onset of a superconducting state is necessarily via
a phase transition (gauge symmetry breaking). However, in
nonequilibrium, G0 > 0 so ρ or σ can cross zero without
any nonanalyticity. Indeed, calculations have found negative
conductivities in several models of continuously driven sys-
tems [12–17] and other models with similar properties may
exist [18].

(ii) A state with !E = 0 and σ < 0 is unstable towards the
formation of domains of an electric field [see Fig. 2(a)]. To
see this, we combine the continuity and Poisson equations

∇ · !jD = 0, !jD = !j + (4π )−1∂t
!D, ∇ × !E = 0, (2)

with the constitutive equation !j = σ !E. Here, !D = εr
!E is

the electric displacement and εr is the electric permittivity
(for simplicity, we treat εr , σ as isotropic). If σ < 0, the
E = 0 solution is unstable: Small fluctuations in E (i.e.,
charge) grow exponentially with time. Then, the nonlinear
dependence of the current on the electric field becomes im-
portant. In particular, at some finite value of the electric field

2469-9950/2018/98(22)/220510(5) 220510-1 ©2018 American Physical Society
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FIG. 1. Calculated (solid lines) and experimental (insets, dashed
lines) reflectivities for (a) K3C60 and (b) La2-xBaxCuO4 (LBCO) (b)
for equilibrium (red) and nonequilibrium (blue) situations. In (a) the
data are taken from Fig. 2(a) of Ref. [2] and the calculations are done
as described in the text for angle of incidence θ = 45◦ using param-
eters ωE = 110 THz, γ = 3.2 THz, l0 = 600 Å, κ = 3 cm2 s−1. In
(b) the data are taken from Fig. 2(b2) of Ref. [3] and the solid curves
are calculated for θ = 45◦ using ωE = 1200 THz, γ = 0.6 THz,
l0 = 4500 Å, κ = 0.2 cm2 s−1. The anisotropy of LBCO was not
considered. The nonequilibrium data of Refs. [2,3] are processed
from raw data and report R(ω) as if the thickness of the nonequilib-
rium layer were infinite, thus magnifying the nonequilibrium effects
on R; a direct quantitative comparison with our calculations is not
possible, but the resemblance of the curves is very reasonable.

E = E∗(ζ ) the Joule heating vanishes again [ $E∗ $j (E∗, ζ ) →
0, see Fig. 2(b) and Refs. [14,16]], implying the formation of a
state characterized by domains of electric field ∼E∗ bounded
by thin sheets of electric charge. The thickness of the sheets
is determined by microscopic scales, and is not important for
the physics we consider. As usual for nonlinear equations, a
multiplicity of possible domain structures may occur. Their

Pump

FIG. 2. (a) Sketch of incident pump pulse leading to spontaneous
polarization in the active layer. (b) Sketch of the j -E characteristic
for a σ < 0 state. (c) Entropy and charge density profiles inside
the active layer; notice the thin surface charge accumulation on the
external boundary of the layer. (d) Incident and reflected probe waves
at an angle θ ; the reflection occurs in the x-z plane and the magnetic
field is along the y axis for TM polarization.

detailed analysis is a formidable but often unnecessary task
and they were studied extensively in several works [19].

(iii) We study the physical consequences of domain for-
mation under the main assumption that the nonequilibrium
effects are strong enough to have σ (E = 0) < 0 in some
region near the sample surface, leading to the formation of
a spontaneous polarization E∗(z) in an active layer 0 < z <
l0 [shaded region (red online) in the right-hand portion of
Fig. 2(a)]. We assume that the depth l0 of this active layer
and the spontaneous polarization change slowly with ζ as
the system relaxes to equilibrium, and that E∗ is determined
by the dynamics of ζ (z, t ), apart from the small fluctuations
considered below.

After the pump is switched off, the microscopic degrees
of freedom rapidly relax to their quasiequilibrium values; in
particular, the electric field relaxes to E∗[ζ (z, t )]. Because the
system is no longer driven, the total energy is conserved, so
the state is characterized by three slowly evolving variables:
the parameter ζ , the energy density ε($r, t ), and the electric
field E [connected to the charge and current densities by
Eq. (2)]. The entropy density S is related to these dynamical
variables by the equation of state S(ε, $D, ζ ).

Conservation of energy means the energy density (which
includes the electric field energy) evolves only via the energy
current $jε,

∂tε + $∇ · $jε = 0. (3)

Let us note in passing that the Joule heating increases the
internal energy of the electron system but decreases the energy
of the electric field so that it cancels from (3).

The time evolution of ζ depends on ε as a parameter (since
for homogeneous systems ε is an integral of motion) and on ζ
itself [20],

∂tζ = −I (ζ, ε), I (ζ = 0, ε) = 0. (4)

For the third dynamical equation we choose the entropy S
within the active layer as the independent variable with $D
determined from the equation of state,

(4π )−1 $E · d $D = dε − T dS + T ∂ζ Sdζ. (5)

This choice enables us to use the conservation of energy (3)
effectively. The entropy evolution can be written as

T ∂t S = G(ζ, ε) > 0, T −1 = (∂S/∂ε)ζ, $D. (6)

Entropy generation arises both from Joule heating and from
the entropy produced by the relaxation of ζ . The two effects
cannot be separated in the nonequilibrium regime we consider
and that is why they are joined in one kinetic term G. How-
ever, the ratio G/I = −T (∂S/∂ζ )ε, $D is determined directly
by the state function; it is analogous to a thermodynamic
quantity and does not depend on the kinetic coefficients.

To complete the system of equations we observe that in the
lowest order of the gradient expansion,

$jε = −κT $∇S, (7)

where κ is the thermal diffusion coefficient (related to the ther-
mal conductivity via the specific heat) [21]. The contribution
of the particle current to the energy current can be neglected
provided that all the relevant linear scale are much larger than
the screening radius.
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Further experimental checks?

Idler beam?

Direct observation of  
Higgs oscillations?

Angular dependence?

is heavily damped in the strong excitation limit. At each
excitation level, !Eprobe asymptotically reaches to a con-
stant value accompanied by the damped oscillation.
Besides the oscillation, !Eprobe shows a slow increase at
tpp > 2 ps to the constant value, indicating the gradual
decrease of the gap energy. Such a slow decrease of the
gap energy after the pump pulse irradiation has also been
observed in the previous near-visible optical pump experi-
ments, where the excess photon energy of the pump pulse
gives rise to the generation of phonons which in turn
causes the pair breaking in a slower time scale [25,26].
Meanwhile, a recent calculation using the nonequilibrium
dynamical mean-field theory [23] has also showed that
such a slow thermalization dynamics can occur as a unique
character of a nonequilibrium state, even without taking
into account the interaction with the phonon system. In the
present experiment, whereas the central photon energy of
the pump THz pulse is resonant to the gap energy, the high-
frequency components of the pump THz pulse larger than
the gap energy bring the excess energy to the QP system.
Therefore, the slow increase in Fig. 2(a) can be attributed
to the thermalization process of the excess energy.

As shown by the solid curves in Fig. 2(a), the oscillating
part of !EprobeðtppÞ is fitted by the following equation

!EprobeðtppÞ ¼ C1 þ C2tpp þ a
cosð2"ftpp þ ’Þ

ðtpp % t0Þb ; (1)

where C1, C2, a, b, ’, f, and t0 are parameters. The first
term indicates the nonoscillating part of the gap energy.

The second term is introduced to reproduce the gradual
decrease of the gap energy, which is attributed to the
thermalization process as described above. The third term
describes the order parameter oscillation with the power-
law decay as theoretically predicted [14,16,17]. Figure 2(b)
shows the oscillation frequency f obtained from the fits at
various pump intensities. Here we also plot the values of
2! at tpp ¼ 8 ps where the oscillation is damped, which
indicates the asymptotic value 2!1 of the gap energy after
the pump. Because of the slow change of the order
parameter in this temporal region, we evaluated 2!1
from the observed !Eprobeðtpp ¼ 8 psÞ by using the corre-

spondence in Fig. 1(f). The decrease of 2!1 as a function
of the pump intensity represented in Fig. 2(b) is reasonable
because the increase of the excited QP density causes the
gap reduction. The fitted values f and their pump-intensity
dependence are in excellent agreement with 2!1, which is
a characteristic feature of the order parameter oscillation
predicted in the theoretical studies [16,17]. Therefore, this
result strongly suggests that the oscillatory signal arises
from the collective Higgs amplitude mode anticipated in
the nonadiabatic excitation condition. Note that the oscil-
latory signal is observed in the cross-linear polarization
configuration of the TPTP experiments, which also indi-
cates its origin as the Higgs mode of isotropic s-wave SCs.
It is intriguing that the polarization dependent TPTP
experiments would elucidate the nature of symmetry of
such collective modes.
Figure 2(c) shows the fitted parameter b, the power-law

index for decay of the oscillation, as a function of the
pump intensity. The theoretical studies have shown that
within the linear approximation the oscillation decays with
b ¼ 0:5 for the weak-coupling BCS case due to the mixing
of the collective mode and QP states [14–16], and with
b ¼ 1:5 for the strong-coupling case [21]. Our result shows
that b changes from about 1 to 3 depending on the pump
intensity. Such a rapid decay depending on the excitation
intensity could be considered as a signature of the over-
damped oscillation of the order parameter [16,17].
The dynamics after the THz pulse excitation was also

investigated in the frequency domain. Figure 3(a) shows
the temporal evolution of the real-part optical conductivity
spectra #1ð!Þ as a function of tpp, obtained from the

TPTP spectroscopy in the two-dimensional time domains.
The optical conductivity spectrum #1ð!; tppÞ at each delay
time tpp was calculated from the waveform of the trans-

mitted probe E field. Figure 3(b) shows the #1ð!Þ spectra
at each tpp indicated by the white dotted lines in Fig. 3(a).
For comparison, Fig. 3(b) also shows the #1ð!Þ spectra
before the pump (tpp ¼ %2 ps) as the black dotted curves.
The temporal oscillation of the conductivity spectrum is
clearly seen, suggesting the oscillation of the gap energy.
However, the oscillation of the onset of the gap is not clear,
which might be obscured by the smooth onset of the
conductivity gap as observed even without the pump in
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Motivation: Parametric amplification of optical phonons

solution to this equation can be thought of as generating a set
of harmonics in the force term. For oscillations in Q at fre-
quency ω, the Born effective charge oscillates at 2ω, as
Zp

=Zp

0 + αQ2 ∼Zp

0 + αQ2
0ð1=2− 1=2cosð2ωtÞÞ (Fig. 2). As a con-

sequence, the driving force in the equation of motion in-
cludes also a 3ω component as 3αQ2E0sinðωtÞ∼3αQ2

0ð1=2−
1=2cosð2ωtÞÞE0sinðωtÞ.
More important is the nonlinear response of P∞ = e0ð«∞,0+

βQ2−1ÞE to the driving field (α=0,β≠0). This term translates into
a +e0βQ2E correction to the polarization and, thus, into a change
in the energy of the system ΔU=−PE∝ −βQ2E2. Hence, an
additional force emerges on the oscillator FQ= −∂U=∂Q∝+βE2Q.
The equation of motion can therefore be written as
Q
::
+Γ _Q+ΩðtÞ2TOQ=ZpE0sinðωtÞ, with a time-dependent pho-

non eigenfrequency ΩTO=ΩTO,0−βEðtÞ
2. Because ΩTO oscil-

lates at frequency 2ω, the equation of motion is that of a
forced parametric oscillator. Parametric amplification of
lattice fluctuations QðtÞ are then expected due to the non-
linearity of P∞. For a detailed derivation of the nonlinear
equations of motion we refer the reader to SI Appendix,
section S5.
In this work, we experimentally validate the prediction of

phonon amplification in bulk silicon carbide (polytype 4H, Fig.

3A). If the specific sample crystal structure and dielectric prop-
erties are taken into account, the considerations made for the
idealized chain of Si and C atoms reported above are still valid
(see SI Appendix, section S4 for more details). The eigenvector of
the phonon studied here is shown in Fig. 3B, which displays
motions of the Si and C atoms in opposite directions along one
of the in-plane crystallographic axes. The equilibrium linear
reflectivity is reproduced in Fig. 3C, displaying a 5-THz-wide
reststrahlen band, between ΩTO = 24 THz and ΩLO = 29 THz.
Large-amplitude oscillations of the lattice were driven with
midinfrared pulses, which were generated with two optical
parametric amplifiers (OPAs) and difference frequency genera-
tion (DFG), powered by a Ti:Sa femtosecond laser at 1-KHz
repetition rate. The pump pulses were tuned to ΩLO = 29 THz.
At these frequencies, the pump pulses were focused to obtain
∼9-MV/cm field strengths. A second independently tunable
OPAs and DFG setup was used to probe the spectral response of
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Fig. 1. (A) Chain of silicon (blue) and carbon (red) atoms. At equilibrium,
the positive ions are surrounded by negative electronic clouds, arranged in
space so that no polarization is present. If an ion is displaced, a polarization P
is created along the chain. The system can be described by effective positive
and negative ionic charges Z*, depicted as shaded areas around the ions. (B)
Lattice polarization along the chain and (C) effective charge Z* as a function
of Q, resulting from first-principle DFT calculations. For large displacements,
the polarization is not linear in Q anymore, and the effective charge is in-
creased. The first expansion of Z* in Q is parabolic (gray line). (D) Non-
resonant contribution to the polarization as a function of E for different
values of Q. (E) Dielectric constant «∞ as a function of Q, also parabolic,
resulting from first-principle DFT calculations.
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Fig. 2. Dynamical response of the diatomic chain to a large-amplitude pe-
riodic driving of the phonon. For an applied electric field E= Eo sinωt (black
line), the phonon coordinate Q oscillates as Q=Qo sinωt. Due to their qua-
dratic dependence on Q, the effective charge Z* and the dielectric constant
«∞(gray line) are oscillating at frequency 2ω.
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Fig. 3. (A) Crystal structure of SiC, polytype 4H (space group C4
6v-P63mc). Si

atoms in blue, C atoms in red. (B) Eigenvectors of the infrared active mode
excited by the pump pulse (Eu symmetry). (C) Reflectivity at equilibrium as-
sociated to the driven mode [data from literature (24)].
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We use coherent midinfrared optical pulses to resonantly excite
large-amplitude oscillations of the Si–C stretching mode in silicon
carbide. When probing the sample with a second pulse, we ob-
serve parametric optical gain at all wavelengths throughout the
reststrahlen band. This effect reflects the amplification of light by
phonon-mediated four-wave mixing and, by extension, of optical-
phonon fluctuations. Density functional theory calculations clarify
aspects of the microscopic mechanism for this phenomenon. The
high-frequency dielectric permittivity and the phonon oscillator
strength depend quadratically on the lattice coordinate; they os-
cillate at twice the frequency of the optical field and provide a
parametric drive for the lattice mode. Parametric gain in phononic
four-wave mixing is a generic mechanism that can be extended to
all polar modes of solids, as a means to control the kinetics of
phase transitions, to amplify many-body interactions or to control
phonon-polariton waves.

phonon amplification | ultrafast spectroscopy | silicon carbide

Amplification of light through stimulated emission or non-
linear optical interactions has had a transformative impact

on modern science and technology. The amplification of other
bosonic excitations is likely to open up new remarkable physical
phenomena. In particular, the amplification of both acoustic and
optical phonons under intense laser and magnetic fields (1–4), as
well as through Cerenkov effects (5) has long been the subject of
theoretical studies. Acoustic phonon amplification has been
reported in optically excited ruby (6, 7) and semiconductor
superlattices driven by electrical currents (8–10), and is a stan-
dard working regime of cavity optomechanics (11). The ampli-
fication of optical phonons was so far observed only due to
drifting electrons in semiconductor nanostructures (12), where
the conditions for Cerenkov amplification are favored. Fur-
thermore, stimulated Brillouin and Raman scattering (13) ex-
periments could lead to the amplification of acoustic and optical
phonons, respectively. However, the literature so far focused on
the Brillouin and Raman amplification of light, for example in
silicon (14, 15).
Here, we explore the nonlinear response of resonantly driven

optical phonons in dielectrics; we discuss their amplification and
their coupling to electromagnetic radiation.
Fig. 1 depicts the nonlinear dependence of the polarization P

on the phonon displacement Q and on an external electric field E
in a chain of Si and C atoms. The response of this idealized chain
was computed by first-principle calculations. The polar optical
mode of this chain involves the relative displacement of the sil-
icon (red) and carbon (blue) sublattices (Fig. 1A), reminiscent of
the in-plane mode of hexagonal SiC (see below).
The first contribution to the nonlinear polarization, which we

will refer to as PL, bears on the effective dipolar charge Zp. Such
Born effective charge, defined as Zp

= ∂PL=∂Q, is approximated
by a constant in the linear response regime (PL =ZpQ) but de-
pends on Q for large lattice distortions (Fig. 1 B and C). For the
chain of Fig. 1A and, generally, for most dielectrics, the Born
effective charge depends quadratically on the lattice coordinate
Zp

=Zp

0 + αQ2 (Fig. 1C).

The second contribution to the nonlinear polarization emerges
from the dielectric screening of the electric field E by the elec-
trons, giving the term P∞ = e0χE= e0ð«∞ − 1ÞE. In contrast to the
Born effective charge, which is a pure ionic response, the per-
mittivity «∞ accounts for higher-energy excitations of the elec-
tronic band structure such as interband transitions. Similar to the
Born effective charge, the permittivity «∞ is a constant for small
lattice displacements but becomes dependent on Q when the
lattice is strongly distorted and hence the band structure
changes. This effect is captured by the calculations of Fig. 1D
for the Si–C chain, in which the slope χ = «∞ − 1 of the polari-
zation P∞ = e0χE is shown to change at large values of Q. This
second nonlinear term scales also quadratically with Q, as
«∞ = 1+ χ = 1+ ∂P∞=∂E= «∞,0 + βQ2 (Fig. 1E).
Summarizing, the nonlinear polarization of a strongly driven

optical mode in SiC (and a generic dielectric) includes two
nonlinear corrections, both quadratic in Q, one to the effective
dipolar charge Zp and one to the dielectric constant «∞. Let us
now consider the dynamical response of the lattice to an optical
field E=E0 sinðωtÞ, tuned at or near the resonance associated
with the transverse optical mode (Fig. 2).
For small field amplitudes, P=Zp

0Q+ e0ð«∞,0 − 1ÞE and the
time-dependent phonon coordinate Q(t) follows the familiar
equation of motion of a periodically driven damped oscillator
Q
::
+Γ _Q+Ω

2
TOQ=ZpE0 sinðωtÞ, in which Γ and ΩTO denote

damping and phonon frequency, respectively. In this case one obtains
the familiar linear response expression Q=Q0 sinðωtÞexpð−ΓtÞ.
We first analyze the nonlinear response of PL alone, that is,

when the Born effective charge (but not «∞) depends on the
lattice displacement (α≠ 0, β= 0). The equation of motion is
Q
::
+Γ _Q+Ω

2
TOQ= ðZp

0 + 3αQ2ÞE0 sinðωtÞ. To leading order, the
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solution to this equation can be thought of as generating a set
of harmonics in the force term. For oscillations in Q at fre-
quency ω, the Born effective charge oscillates at 2ω, as
Zp

=Zp

0 + αQ2 ∼Zp

0 + αQ2
0ð1=2− 1=2cosð2ωtÞÞ (Fig. 2). As a con-

sequence, the driving force in the equation of motion in-
cludes also a 3ω component as 3αQ2E0sinðωtÞ∼3αQ2

0ð1=2−
1=2cosð2ωtÞÞE0sinðωtÞ.
More important is the nonlinear response of P∞ = e0ð«∞,0+

βQ2−1ÞE to the driving field (α=0,β≠0). This term translates into
a +e0βQ2E correction to the polarization and, thus, into a change
in the energy of the system ΔU=−PE∝ −βQ2E2. Hence, an
additional force emerges on the oscillator FQ= −∂U=∂Q∝+βE2Q.
The equation of motion can therefore be written as
Q
::
+Γ _Q+ΩðtÞ2TOQ=ZpE0sinðωtÞ, with a time-dependent pho-

non eigenfrequency ΩTO=ΩTO,0−βEðtÞ
2. Because ΩTO oscil-

lates at frequency 2ω, the equation of motion is that of a
forced parametric oscillator. Parametric amplification of
lattice fluctuations QðtÞ are then expected due to the non-
linearity of P∞. For a detailed derivation of the nonlinear
equations of motion we refer the reader to SI Appendix,
section S5.
In this work, we experimentally validate the prediction of

phonon amplification in bulk silicon carbide (polytype 4H, Fig.

3A). If the specific sample crystal structure and dielectric prop-
erties are taken into account, the considerations made for the
idealized chain of Si and C atoms reported above are still valid
(see SI Appendix, section S4 for more details). The eigenvector of
the phonon studied here is shown in Fig. 3B, which displays
motions of the Si and C atoms in opposite directions along one
of the in-plane crystallographic axes. The equilibrium linear
reflectivity is reproduced in Fig. 3C, displaying a 5-THz-wide
reststrahlen band, between ΩTO = 24 THz and ΩLO = 29 THz.
Large-amplitude oscillations of the lattice were driven with
midinfrared pulses, which were generated with two optical
parametric amplifiers (OPAs) and difference frequency genera-
tion (DFG), powered by a Ti:Sa femtosecond laser at 1-KHz
repetition rate. The pump pulses were tuned to ΩLO = 29 THz.
At these frequencies, the pump pulses were focused to obtain
∼9-MV/cm field strengths. A second independently tunable
OPAs and DFG setup was used to probe the spectral response of
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Fig. 1. (A) Chain of silicon (blue) and carbon (red) atoms. At equilibrium,
the positive ions are surrounded by negative electronic clouds, arranged in
space so that no polarization is present. If an ion is displaced, a polarization P
is created along the chain. The system can be described by effective positive
and negative ionic charges Z*, depicted as shaded areas around the ions. (B)
Lattice polarization along the chain and (C) effective charge Z* as a function
of Q, resulting from first-principle DFT calculations. For large displacements,
the polarization is not linear in Q anymore, and the effective charge is in-
creased. The first expansion of Z* in Q is parabolic (gray line). (D) Non-
resonant contribution to the polarization as a function of E for different
values of Q. (E) Dielectric constant «∞ as a function of Q, also parabolic,
resulting from first-principle DFT calculations.
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Fig. 2. Dynamical response of the diatomic chain to a large-amplitude pe-
riodic driving of the phonon. For an applied electric field E= Eo sinωt (black
line), the phonon coordinate Q oscillates as Q=Qo sinωt. Due to their qua-
dratic dependence on Q, the effective charge Z* and the dielectric constant
«∞(gray line) are oscillating at frequency 2ω.
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Fig. 3. (A) Crystal structure of SiC, polytype 4H (space group C4
6v-P63mc). Si

atoms in blue, C atoms in red. (B) Eigenvectors of the infrared active mode
excited by the pump pulse (Eu symmetry). (C) Reflectivity at equilibrium as-
sociated to the driven mode [data from literature (24)].
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the same pumped resonance in reflection geometry. The time-
resolved reflectivity was recorded with broadband probe pulses
centered at 26.5 THz, with spectral weight covering the whole
reststrahlen band. As the probe pulses exhibited a stabilized
carrier-envelope phase, the time-dependent optical properties
could be measured with sensitivity to both amplitude and phase
by electrooptic sampling. To sample at this frequency, we com-
pressed the pulses from the titanium:sapphire laser using a near-
infrared noncollinear OPA, which generated pulses with ∼20-fs
pulse duration (see SI Appendix, section S1 for details). The
results of our pump–probe experiments are reported in Fig. 4, in
which we plot the wavelength-dependent reflectivity after exci-
tation with pump pulses.
For pump electric fields E0 > 4 MV/cm, the reflectivity in the

reststrahlen band was observed to become larger than R = 1,
reaching the values of R ∼ 1.15 and evidencing amplification.
This feature, emphasized in red in Fig. 4 A–D, developed at the
earliest time delays and at the center of the reststrahlen band,
broadening in frequency and persisting for longer time delays as
the pump field was increased toward 9 MV/cm. As depicted in
Fig. 4E, the reflectivity increases throughout the reststrahlen
band, scaling quadratically with the pump electric field, as shown
in Fig. 4F. These observations suggest that for large coherent
excitations of the phonon, the probe electric field is amplified
and, by extension, the lattice coordinate Q.
Numerical simulations of the optical response under the

conditions of the experiment were used to analyze the results
above and to validate amplification of both E and Q. Starting
from Maxwell’s equations, we considered the interaction of
electromagnetic transients of arbitrary shape and amplitude with
the SiC crystal. In these calculations, which are discussed in SI
Appendix, section S5, we considered both pump (strong) and
probe (weak) pulses and included the quadratic dependence of

both the Born effective charge Zp and dielectric constant «∞ on
the phonon coordinate Q, as obtained from density functional
theory (DFT) analysis of the Si–C lattice.
The calculated α- and β-coefficients were adjusted to fit the

experimental data. These simulations reproduced well the main
features of the time-delay-dependent and frequency-dependent
reflectivity response measured experimentally, as reported in
Fig. 5 A–D. For pump fields in excess of 4 MV/cm, the simula-
tions predict R > 1. Precisely as observed in the experiments, the
frequency-dependent profile of the amplification (R > 1)
emerges from the center of the reststrahlen band and expands
both in frequency and time as the pump field increases (Fig. 5E).
The calculated maximum reflectivity also scales quadratically
with the pump peak electric field (Fig. 5F), in agreement with
the experiments. The simulations further confirm that not only
the probe electric field (Fig. 6A), but also the oscillations in the
phonon coordinate Q (Fig. 6B) are amplified. In particular, Fig.
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Fig. 4. (A–D) Time-delay-dependent and frequency-dependent measured
reflectivity Rðt,ωÞ for driving peak electric fields of (A) 3.73, (B) 4.87, (C) 5.90,
and (D) 8.68 MV/cm. The color scale is chosen to emphasize in red the regions
where the reflectivity is greater than one. The horizontal dashed lines in-
dicate the time delay at which the line-cuts are displayed in E. This is the
delay at which the highest reflectivity was measured for the highest peak
electric field (D). (E) Frequency-dependent measured reflectivity at the
maximum of the pump–probe response for different driving peak electric
fields, compared with the equilibrium one (dashed line). (F) Peak field de-
pendence of the maximum measured reflectivity. In this plot, two additional
data points are shown, corresponding to 2.01 and 2.64 MV/cm. The red line
depicts a parabolic fit to the data. More information on the data analysis can
be found in the SI Appendix, section S2.

0.2

0.4

0.6

0.8

1.0

1.2

0
26 28 30

Frequency (THz)

24 25 27 2923

R
ef

le
ct

iv
it

y

0.95

1.00

1.05

1.10

1.15

1.20

0.90
0 2 4 6 8 10

Peak Electric Field (MV/cm)

Simulation

R
m

ax

Ti
m

e 
(p

s)

3.73 MV/cm

26 28 30
Frequency (THz)
24

-0.3

-0.2

-0.1

0.2

0.1

0

0.3

26 28 30
Frequency (THz)
24

4.87 MV/cm

26 28 30
Frequency (THz)
24

5.90 MV/cm

0.2

0.4

0.6

0.8

1.0

1.2

0

R
eflectivity

26 28 30
Frequency (THz)
24

8.68 MV/cm

Equilibrium
3.73 MV/cm
4.87 MV/cm
5.90 MV/cm
8.68 MV/cm

A

E F

B C D

Fig. 5. (A–D) Time-delay-dependent and frequency-dependent simulated
reflectivity Rðt,ωÞ for driving peak electric fields of (A) 3.73, (B) 4.87, (C) 5.90,
and (D) 8.68 MV/cm. The color scale is chosen to emphasize in red the regions
where the reflectivity is greater than one. The horizontal dashed lines indicate
the time delay at which the line-cuts are displayed in E. (E) Frequency-
dependent calculated reflectivity at the maximum of the pump–probe re-
sponse for different driving peak electric fields, compared with the equilib-
rium one (dashed line). (F) Peak field dependence of the maximum calculated
reflectivity. In this plot, two additional data points are shown, corresponding
to 2.01 and 2.64 MV/cm. The red line depicts a parabolic fit to the data.

Time (ps)
0.0 0.3 0.6

0

1

-1

Q
 (n

o
rm

.)

0

1

-1

 

Time (ps)
0.0 0.3 0.6

El
ec

tr
ic

 !
el

d
 (n

o
rm

.)

Not pumped
Pumped

Not pumped
Pumped

A BSimulated electric !eld (E) Simulated phonon coordinate Q

Fig. 6. Probe pulse electric field and phonon amplification. Simulated (A)
electric field E and (B) oscillations of the phonon coordinate Q at the sample
surface, driven by a weak probe pulse, with (red solid lines) and without
(black solid lines) pump. The shaded areas highlight the amplification.

12150 | www.pnas.org/cgi/doi/10.1073/pnas.1809725115 Cartella et al.

SiC — Bulk insulator with IR-active optical phonon at ωp = 24 THz



Phonon coupled to EM field

V =
Ω2

TO

2
Q2 − ( ϵ0(ϵ∞ − 1)

2
+ βQ2) E2 − (η + αQ2)Q ⋅ E,

Potential for phonon and electric field:

··Q + Γ ·Q = −
∂V
∂Q

= − Ω2
TOQ + ηE + 2βE2Q + 3αQ2EPhonon EOM:

P = −
∂V
∂E

= ϵ0(ϵ∞ − 1)E + (η + αQ2)Q + 2βQ2EPolarization:

∇ × E + ∂tB = 0

1
μ0

∇ × B − ∂t (ϵ0E + P) = 0Maxwell equations:

−∇2E +
1
c2

∂2
t (ϵ∞E +

η
ϵ0

Q +
α
ϵ0

Q3 + 2
β
ϵ0

Q2E) = 0Combined:



Polaritons

··Q + Γ ·Q + Ω2
TOQ = ηE

−∇2E +
1
c2

∂2
t (ϵ∞E +

η
ϵ0

Q) = 0

upper polariton

lower polariton

k

ω

Linearized equations of motion:

Q(t) = Qp cos(ωpt)



Frequency mixing

−∇2E +
1
c2

∂2
t (ϵ∞E +

η
ϵ0

Q +
α
ϵ0

Q3 + 2
β
ϵ0

Q2E) = 0.

··Q + Γ ·Q = − Ω2
TOQ + ηE + 2βE2Q + 3αQ2E

When polariton is excited,  the non-linear equations of motion

mix frequencies:

Q = Qp cos(ωpt) + (Q1e−iω1t + Q*2 eiω2t) eiκz

E = Ep cos(ωpt) + (E1e−iω1t + E*2 eiω2t) eiκz

ω1 + ω2 = 2ωp

polariton, 
strongly driven by pump

weak fields, from 
probe
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FIG. 10: The reflectivity at the edge of the reststrahlen band
of idler light at ωs=34.6THz.

unstable modes at these frequencies. There are pairs of
jumps around ωs = 20 and 34THz, and we have a single
spike at ω = 29THz. The unstable modes appear at the
frequencies between two jumps in the former, while they
appear right on the frequency of the jump in the latter.
We show that these modes are spatially extended inside
the slab and amplified over time.
The reason why these frequencies are special is that

they are the frequencies at which (39) are satisfied in
Fig.3. When it is satisfied, the energy conservation

2ωp = ωs + ωi (70)

and the momentum conservation (39) are simultaneously
satisfied. In this process two polaritons are annihilated
and a photon of frequency ωs and that of ωi are created
efficiently. This is a simple physical picture of how we
find the phonon lasing condition. Not only the polari-
tons are converted efficiently into a pair of light, spa-
tial profile of the light becomes extended due to the hy-
bridization of the two waves at these frequencies. In
Fig. 6, both 1/ℜ[κ+] and 1/ℜ[κ−] diverges at around
ωs = 20 and 39THz. We focus on the latter frequency
first. At ωs = 38.2THz, 1/ℜ[κ+] diverges, and equiva-
lently, ℜ[κ+] = 0. At ωs = 39.6THz, ℜ[κ−] = 0 holds.
(SS: This paragraph can be merged with the para-
gragh of (39). I keep it here because I feel that it
is better to explain a physical picture here.)
Next we move on to the complex frequency. In Fig 11,

we show the reflectivity around these jumps in the com-
plex frequency plane. A striking result is that the jumps
of the reflectivity extend to the positive imaginary fre-
quencies, i.e., the unstable mode grows in time. At the
frequencies where the jumps happen, one of κ± satis-
fies (68). The solutions of (68) are aligned along the
edge of the jump. When the light whose frequency is be-
tween 38.2THz and 39.6 THz enters the slab, it excites
the amplifying unstable mode at this frequency and the
electronic field is resonantly strengthened in time. Since
we work on the linearized equation in this paper, we note
that our result is no longer valid when the electronic field
become too strong. However, our result still describe the
early-time behavior the field at the linear stage of lasing
development correctly [Ref Dorofeenko?].

For fixed small ℑ[ωs], two values of ℜ[ωs] give the solu-
tions which correspond to κ+ and κ−. The distance be-
tween the two solutions becomes close as ℑ[ωs] increases,
and they eventually merge and vanish. This is why the
solutions shapes like a semi-circle. In Fig. 12 and 13, we
show the reflectivity at ωs =20THz and ωs =29.3 THz,
respectively. Since κ± is symmetric under the exchange
of ωs and ωp−ωs, the shape of the line where discontinu-
ity happens in Fig. 11 is symmetric to those in Fig. 12.
The value of the reflectivity itself it different in between
them because the incident light of frequency ωs is present
but that of ωi is not. In Fig. 13, not a semicircle but a
line of poles appears at ωs = ωp. The reason why its
shape is not a semicircle is because κ+ = κ− at this
frequency. Although the reflectivity may looks slightly
different in Fig. 11-13, all of these three frequencies have
the amplifying unstable modes.

FIG. 11: The reflectivity at ωs=39THz

FIG. 12: The reflectivity at ωs=20THz

We also see the pump-strength dependence of the un-
stable modes. In Fig. 11-13, the maximum values of ℑ[ωs]
of the unstable modes characterize the amplification rate
in time. In Fig. 14, we show the maximum values for dif-
ferent pump field strength Ep at ωs =20THz. When the
pump is absent, all the unstable modes live in the lower-
half plane. As we increase Ep, an amplifying unstable

r

Reω
Imω

step discontinuity in upper half plane 
—> acausal response!  (= lasing)

Discontinuities!!!



Finite slab

r = r12 + t12t21r21e2ikL (1 + a + a2 + …)

= r12 +
t12t21r12e2ikL

1 − a

a ≡ r2
21e

2ikL

Pole in reflectivity for

a = r2
21e

2ikL = 1 k = k(ω)

air medium air

r12

r21

r21

t21

t21

t21

t21

t21

r21

r21

L

t12



Finite slab

r = r12 +
t12t21r12e2ikL

1 − a

Pole in reflectivity for

a = r2
21e

2ikL = 1 k = k(ω)

For thick slab, condition becomes:

Im k = 0 Re k =
2πn

L

Im ω

Re ω

Im k(ω) > 0

Im ω

Re ω

Im ω

Re ω

Thin

Thick

A line of poles gives a jump 
discontinuity



Physical process responsible for lasing

upper polariton

lower polariton

k

ω

Process conserves energy 
and momentum 
“Phase matching”

ωupper(k) + ωlower(−k) = 2ωupper(0)

Polariton must be driven strongly enough.

Is this useful?



Conclusions and Outlook (Higgs amplifier)

Possible realization of “non-linear optics” involving collective modes

These effects can be used as a probe of the collective modes themselves

Do these effects have practical applications?  How tunable are they?

Microscopic calculations of Higgs amplification

Further experimental checks:

Idler beam?

Angular dependence?

-Higgs amplification in K3C60

-Phonon lasing in SiC

N photons

N + 1 photons
signal ωsidler ωi

1 photon

signal ωs





Drude and polaronic peaks

σeq(ω) =
Λs,eq

ϵ0

1
γD − iω

+
3

∑
n=1

Bn ω
i(ω2 − Ω2

n) + γn ω
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FIG. 9: Dots – measured conductivity of the normal state
at equilibrium. Blue curve: Fit to a sum of Drude and
Lorentzian peaks, Eq. (B1). Orange and green curves: con-
tributions to σ1 arising from the Drude peak and Lorentzian
peaks, respectively. The Lorentzian peaks represent a broad
polaronic absorption peak, which we assume for simplicity not
to be affected by the onset of superconductivity.

and rough parametrization for σ̃(ω) in the range ω ≤ 35
meV/!. The parameter Λs is the superfluid density. The
remaining parameters have the following rough mean-
ings: Eg is a gap-like scale for the onset of the polaronic
peak in σ1; δ is a parameter that broadens this onset; and
Ee and Es are parameters that control the deviation of σ̃2

from 1/ω behavior, arising from the contribution of the
polaronic peak to σ̃2. The parametrization above holds
for positive ω only. The definition is extended to negative
ω as follows: σ1(−ω) = σ1(ω) and σ2(−ω) = −σ2(ω).
This is needed since the Higgs oscillations hybridize pos-
itive and negative frequencies.

As in Sec. IV, for each pump pulse width τ , we choose
parameters for the unmodulated conductivity σ̃ and use
results of Section II to model the Higgs amplification phe-
nomenon. We apply Eq. (20) to compute the complex
reflection coefficient r at the signal frequency, in which
we take ε(ω) = εs − σ̃(ω)/(iε0ω). By inverting the Fres-
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FIG. 10: Phenomenological model fit to the The parameters
in the fit are shown in Table I

nel equation, r is then expressed as an effective optical
conductivity σ(ω), see Sec. A, allowing us to make a
comparison of the full complex response of the system.
The parameters used in the fit are tabulated in Table II.
For simplicity, we chose a fixed value of ωH = 23 meVin
these fits.

The resulting complex conductivity and the reflectivity
are plotted in Fig. 10. This shows a closer comparison be-
tween theory and experiment than in Figs. 3 and 8 in the
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polaronic absorption peak, which we assume for simplicity not
to be affected by the onset of superconductivity.

and rough parametrization for σ̃(ω) in the range ω ≤ 35
meV/!. The parameter Λs is the superfluid density. The
remaining parameters have the following rough mean-
ings: Eg is a gap-like scale for the onset of the polaronic
peak in σ1; δ is a parameter that broadens this onset; and
Ee and Es are parameters that control the deviation of σ̃2

from 1/ω behavior, arising from the contribution of the
polaronic peak to σ̃2. The parametrization above holds
for positive ω only. The definition is extended to negative
ω as follows: σ1(−ω) = σ1(ω) and σ2(−ω) = −σ2(ω).
This is needed since the Higgs oscillations hybridize pos-
itive and negative frequencies.

As in Sec. IV, for each pump pulse width τ , we choose
parameters for the unmodulated conductivity σ̃ and use
results of Section II to model the Higgs amplification phe-
nomenon. We apply Eq. (20) to compute the complex
reflection coefficient r at the signal frequency, in which
we take ε(ω) = εs − σ̃(ω)/(iε0ω). By inverting the Fres-
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FIG. 10: Phenomenological model fit to the The parameters
in the fit are shown in Table I

nel equation, r is then expressed as an effective optical
conductivity σ(ω), see Sec. A, allowing us to make a
comparison of the full complex response of the system.
The parameters used in the fit are tabulated in Table II.
For simplicity, we chose a fixed value of ωH = 23 meVin
these fits.

The resulting complex conductivity and the reflectivity
are plotted in Fig. 10. This shows a closer comparison be-
tween theory and experiment than in Figs. 3 and 8 in the
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meV/!. The parameter Λs is the superfluid density. The
remaining parameters have the following rough mean-
ings: Eg is a gap-like scale for the onset of the polaronic
peak in σ1; δ is a parameter that broadens this onset; and
Ee and Es are parameters that control the deviation of σ̃2

from 1/ω behavior, arising from the contribution of the
polaronic peak to σ̃2. The parametrization above holds
for positive ω only. The definition is extended to negative
ω as follows: σ1(−ω) = σ1(ω) and σ2(−ω) = −σ2(ω).
This is needed since the Higgs oscillations hybridize pos-
itive and negative frequencies.

As in Sec. IV, for each pump pulse width τ , we choose
parameters for the unmodulated conductivity σ̃ and use
results of Section II to model the Higgs amplification phe-
nomenon. We apply Eq. (20) to compute the complex
reflection coefficient r at the signal frequency, in which
we take ε(ω) = εs − σ̃(ω)/(iε0ω). By inverting the Fres-
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in the fit are shown in Table I

nel equation, r is then expressed as an effective optical
conductivity σ(ω), see Sec. A, allowing us to make a
comparison of the full complex response of the system.
The parameters used in the fit are tabulated in Table II.
For simplicity, we chose a fixed value of ωH = 23 meVin
these fits.

The resulting complex conductivity and the reflectivity
are plotted in Fig. 10. This shows a closer comparison be-
tween theory and experiment than in Figs. 3 and 8 in the
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meV/!. The parameter Λs is the superfluid density. The
remaining parameters have the following rough mean-
ings: Eg is a gap-like scale for the onset of the polaronic
peak in σ1; δ is a parameter that broadens this onset; and
Ee and Es are parameters that control the deviation of σ̃2

from 1/ω behavior, arising from the contribution of the
polaronic peak to σ̃2. The parametrization above holds
for positive ω only. The definition is extended to negative
ω as follows: σ1(−ω) = σ1(ω) and σ2(−ω) = −σ2(ω).
This is needed since the Higgs oscillations hybridize pos-
itive and negative frequencies.

As in Sec. IV, for each pump pulse width τ , we choose
parameters for the unmodulated conductivity σ̃ and use
results of Section II to model the Higgs amplification phe-
nomenon. We apply Eq. (20) to compute the complex
reflection coefficient r at the signal frequency, in which
we take ε(ω) = εs − σ̃(ω)/(iε0ω). By inverting the Fres-
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nel equation, r is then expressed as an effective optical
conductivity σ(ω), see Sec. A, allowing us to make a
comparison of the full complex response of the system.
The parameters used in the fit are tabulated in Table II.
For simplicity, we chose a fixed value of ωH = 23 meVin
these fits.

The resulting complex conductivity and the reflectivity
are plotted in Fig. 10. This shows a closer comparison be-
tween theory and experiment than in Figs. 3 and 8 in the



Higgs Oscillations from THz pump

observed in the pump-probe delay dependence of the trans-
mitted probe THz electric field (E field). The oscillation
frequency is in excellent agreement with the theoretical
predictions.

The output from a regenerative amplified Ti:sapphire
laser system with 800-nm center wavelength, 1-mJ pulse
energy, 90-fs pulse duration, and 1-kHz repetition rate was
divided into three beams: for the generation of the pump
and probe THz pulses and for the gate pulse for the electro-
optic (EO) sampling of the transmitted probe THz pulse.
The intense pump THz pulse was generated by the tilted-
pulse-front method with a LiNbO3 crystal [27], and the
detail of our experimental configuration was described in
Ref. [35]. The pump pulse width defined by FWHM of the
envelope curve of the E-field amplitude was !pump !
1:5 ps. The probe THz pulse was generated by the optical
rectification in a ZnTe crystal. As schematically shown in
Fig. 1(b), a wire grid polarizer (WGP) inserted in the

optical path of the pump THz pulse (Epump k x) reflects
the probe THz pulse (Eprobe k y) so that the pump and

probe THz pulses are collinearly irradiated to the sample.
Another WGP was placed after the sample to block the
pump THz pulse and to transmit the probe THz pulse only.
The waveform of the probe E field was detected by the
EO sampling in a ZnTe crystal. By scanning both the
delay time of the gate pulse to the probe THz pulse, tgate,
and the delay time of the probe to the pump THz pulse, tpp,
we recorded the probe THz E field Eprobeðtgate; tppÞ in the

two-dimensional time domains of tgate and tpp [36]. The

details in our two-dimensional THz time-domain spectros-
copy system were described in the previous paper [26].
The Nb1-xTixN films were fabricated on fused quartz

(FQ) or MgO substrates using the dc reactive sputtering
method [37]. We used three different samples: (sample A)
x ¼ 0:2 and film thickness d ¼ 12 nm on a 1 mm-thick
FQ, (sample B) x ¼ 0:2 and d ¼ 30 nm on a 0.5 mm-thick
FQ, and (sample C) x ¼ 0 and d ¼ 24 nm on a 0.5 mm-
thick MgO. Figure 1(c) shows the temperature dependence
of the real-part optical conductivity spectra "1ð!Þ of
sample C without the THz pump. The solid curves are
calculated by the Mattis-Bardeen model with arbitrary
electron mean-free path [38,39] to evaluate the gap energy
at each temperature. The temperature dependence of the
gap energy is shown in Fig. 1(d). The BCS gap energies
at 4 K are evaluated as 2!0 ¼ 0:72, 1.1, and 1.3 THz, for
samples A, B, and C, respectively, which gives the ratio
!pump=!! as 0:57ðAÞ, 0:81ðBÞ, and 0:98ðCÞ.
Figure 1(e) shows the time-domain waveform of the

probe THz pulse, EprobeðtgateÞ, transmitted after sample A

below Tc ¼ 8:5 K without the THz pump. As indicated by
the vertical line in Fig. 1(e), the probe E field at tgate ¼
2:1 psð% t0Þ sensitively indicates the growth of the super-
conducting state. In fact, as shown by Fig. 1(f), the value
Eprobe at tgate ¼ t0 shows one-to-one correspondence with

the BCS gap energy 2! obtained from Fig. 1(d). Therefore,
in order to detect the temporal evolution of the order
parameter !ðtppÞ after the pump, we monitored the probe
E field at this fixed gate delay time, Eprobeðtgate ¼ t0; tppÞ.
Note that, this correspondence between the gap energy 2!
and Eprobeðtgate ¼ t0; tppÞ in the equilibrium condition with-

out the pump does not necessarily hold in the nonequilib-
rium case. Therefore, we numerically confirmed that
Eprobeðtgate ¼ t0; tppÞ indeed reflects the transient behavior

of the order parameter changing in a time scale of !!. The
details are given in the Supplemental Material [40].
Figure 2(a) shows the temporal evolution of the change

of the probeE field, #Eprobe, at tgate ¼ t0 as a function of tpp
in sample Awith !pump=!! ¼ 0:57 for various pump inten-

sities. After a fast rise within 2 ps which we will discuss
later, an oscillatory behavior is clearly identified. As the
pump intensity increases, the oscillation amplitude
increases and the frequency decreases, and the oscillation
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tial for tunability (for instance, by varying temperature,
which is expected to shift the Higgs energy, or by chang-
ing the angle of incidence, which affects the strength of
the effect), highlight the potential of Higgs amplification
in applications.
The experiments presented here were not designed to

target the idler mode. This requires the use of a narrow-
band probe signal, as well as the placement of detectors
to collect light that is not secularly reflected. A measure-
ment of the idler would provide a direct measurement of
the Higgs frequency and would also constitute definitive
proof of the Higgs amplification phenomenon.
Before concluding, we note that the phenomenon of

Higgs amplification is not limited to superconductors but
may also be observed in materials exhibiting incommen-
surate CDW order at frequencies higher than the pinning
frequency but below the quasiparticle continuum. This
naturally follows from the observation that, in these ma-
terials, the relation between the current and the electric
field is identical to the London equation used in super-
conductors [see Eq. (4) and Ref. 19]. Higgs amplification
in other types of symmetry breaking, including light-
induced nematic ordering, may also be possible [XXX
Klein arXiv:1809.05600].

Appendix A: Expressing the reflectivity in terms of
a complex conductivity function

In the experiment, the penetration depth of the mid-
infrared pump (200nm) was shorter than that of the THz
probe (600-900nm). Hence, the material was modeled as
a stack of thin photoexcited layers. In each layer, the
pump-induced change in refractive index was assumed
to be proportional to the intensity of the MIR pump,
which decays exponentially away from the surface. By
solving the coupled Fresnel equations of such a multilayer
system, we obtained the complex optical conductivities
σ1(ω, z), σ2(ω, z) at each point into the material. From
these, we calculated the reflectivity R(ω) = |r(ω)|2 that
one would observe if a semi-infinite slab of material were
transformed into a homogeneous state with the optical
conductivity induced at the surface of the solid, σ1(ω, 0),
σ2(ω, 0).
In the theory, we computed the complex reflection am-

plitude r, using Eq. (20). To convert this to a conductiv-
ity function, we used the Fresnel relation for the reflection
amplitude at the interface between two media

r(ω) =

√
εout − i

√
−ε(ω)

√
εout + i

√
−ε(ω)

. (A1)

For us, the first medium was diamond, which to a
good approximation has a frequency-independent dielec-
tric function

√
εout = 2.37. This relation was inverted,

ε(ω) = εout

(
1− r(ω)

1 + r(ω)

)2

, (A2)

in order to obtain the complex conductivity using σ(ω) =
−iε0ω(ε(ω)− εs).

Appendix B: Optical conductivity in the normal
state

We model the optical conductivity σ̃(ω) of the equilib-
rium normal state as the sum of a Drude peak, represent-
ing the conduction band, and a sum of three Lorentzians,
representing a broad polaronic absorption peak [cite].

σeq(ω) =
Λs,eq

ε0

1

γD − iω
+

3∑

n=1

Bn ω

i(ω2 − Ω2
n) + γn ω

(B1)

A fit to the optical conductivity of the equilib-
rium normal state in the measured range 4meV <
ω < 100meV (see Figure 9) gives the following val-
ues: Λs,eq = 25, 800meV2, γD = 3.56meV, B1 =
18, 300Ω−1cm−1meV, Ω1 = 70.4meV, γ1 = 86.6meV,
B2 = 4, 600Ω−1cm−1meV, Ω2 = 26.1meV, γ2 =
34.0meV, B3 = 2, 400Ω−1cm−1meV, Ω3 = 102.6meV,
γ3 = 35.0meV.

Appendix C: Phenomenological fit

In this section, we consider the possibility that the
mid-infrared polaronic peak in K3C60 is affected by the
onset of superconductivity, and study the implications for
Higgs amplification in this material. In Sec. IV we mod-
eled the optical conductivity of the unmodulated super-
conductor, σ̃, as a sum of Drude and Lorentzian peaks.
These peaks were fitted to the normal state conductiv-
ity. For simplicity, it was assumed that the Lorentzians,
describing the broad polaronic peak in K3C60, are not af-
fected by the onset of supercoductivity. However, in real-
ity one expects that the polaronic peak should be affected
by superconductivity, especially at subgap frequencies
ω < 2∆. Within a BCS superconductor, 2∆ = ωH ,
which we estimate to be 24 meV. A modification of the
polaronic peak could also account for the transfer of spec-
tral weight implied by the analysis in Sec. IV, where we
found that the superfluid density Λs in the superconduct-
ing state is somewhat larger than the Drude peak weight
in the normal state.

In absence of a microscopic theory for the polaronic
peak within the superconductor, we follow a phenomeno-
logical approach, in which we parametrize σ̃ = σ̃1 + iσ̃2

as follows:

σ̃1(ω) =
A

(
1 + e(Eg−ω)/δ

)2 (C1)

σ̃2(ω) =
Λs

ε0 ω

1 + (ω/Ee)
4

1 + (ω/Es)
2 (C2)

where A, Eg, δ, Λs, Ee, and Es are free parameters. This
is a phenomenological description, not derived from mi-
croscopic considerations, and is meant to be a simple

8

tial for tunability (for instance, by varying temperature,
which is expected to shift the Higgs energy, or by chang-
ing the angle of incidence, which affects the strength of
the effect), highlight the potential of Higgs amplification
in applications.
The experiments presented here were not designed to

target the idler mode. This requires the use of a narrow-
band probe signal, as well as the placement of detectors
to collect light that is not secularly reflected. A measure-
ment of the idler would provide a direct measurement of
the Higgs frequency and would also constitute definitive
proof of the Higgs amplification phenomenon.
Before concluding, we note that the phenomenon of

Higgs amplification is not limited to superconductors but
may also be observed in materials exhibiting incommen-
surate CDW order at frequencies higher than the pinning
frequency but below the quasiparticle continuum. This
naturally follows from the observation that, in these ma-
terials, the relation between the current and the electric
field is identical to the London equation used in super-
conductors [see Eq. (4) and Ref. 19]. Higgs amplification
in other types of symmetry breaking, including light-
induced nematic ordering, may also be possible [XXX
Klein arXiv:1809.05600].

Appendix A: Expressing the reflectivity in terms of
a complex conductivity function

In the experiment, the penetration depth of the mid-
infrared pump (200nm) was shorter than that of the THz
probe (600-900nm). Hence, the material was modeled as
a stack of thin photoexcited layers. In each layer, the
pump-induced change in refractive index was assumed
to be proportional to the intensity of the MIR pump,
which decays exponentially away from the surface. By
solving the coupled Fresnel equations of such a multilayer
system, we obtained the complex optical conductivities
σ1(ω, z), σ2(ω, z) at each point into the material. From
these, we calculated the reflectivity R(ω) = |r(ω)|2 that
one would observe if a semi-infinite slab of material were
transformed into a homogeneous state with the optical
conductivity induced at the surface of the solid, σ1(ω, 0),
σ2(ω, 0).
In the theory, we computed the complex reflection am-

plitude r, using Eq. (20). To convert this to a conductiv-
ity function, we used the Fresnel relation for the reflection
amplitude at the interface between two media

r(ω) =

√
εout − i

√
−ε(ω)

√
εout + i

√
−ε(ω)

. (A1)

For us, the first medium was diamond, which to a
good approximation has a frequency-independent dielec-
tric function

√
εout = 2.37. This relation was inverted,

ε(ω) = εout

(
1− r(ω)

1 + r(ω)

)2

, (A2)

in order to obtain the complex conductivity using σ(ω) =
−iε0ω(ε(ω)− εs).

Appendix B: Optical conductivity in the normal
state

We model the optical conductivity σ̃(ω) of the equilib-
rium normal state as the sum of a Drude peak, represent-
ing the conduction band, and a sum of three Lorentzians,
representing a broad polaronic absorption peak [cite].

σeq(ω) =
Λs,eq

ε0

1

γD − iω
+

3∑

n=1

Bn ω

i(ω2 − Ω2
n) + γn ω

(B1)

A fit to the optical conductivity of the equilib-
rium normal state in the measured range 4meV <
ω < 100meV (see Figure 9) gives the following val-
ues: Λs,eq = 25, 800meV2, γD = 3.56meV, B1 =
18, 300Ω−1cm−1meV, Ω1 = 70.4meV, γ1 = 86.6meV,
B2 = 4, 600Ω−1cm−1meV, Ω2 = 26.1meV, γ2 =
34.0meV, B3 = 2, 400Ω−1cm−1meV, Ω3 = 102.6meV,
γ3 = 35.0meV.

Appendix C: Phenomenological fit

In this section, we consider the possibility that the
mid-infrared polaronic peak in K3C60 is affected by the
onset of superconductivity, and study the implications for
Higgs amplification in this material. In Sec. IV we mod-
eled the optical conductivity of the unmodulated super-
conductor, σ̃, as a sum of Drude and Lorentzian peaks.
These peaks were fitted to the normal state conductiv-
ity. For simplicity, it was assumed that the Lorentzians,
describing the broad polaronic peak in K3C60, are not af-
fected by the onset of supercoductivity. However, in real-
ity one expects that the polaronic peak should be affected
by superconductivity, especially at subgap frequencies
ω < 2∆. Within a BCS superconductor, 2∆ = ωH ,
which we estimate to be 24 meV. A modification of the
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is a phenomenological description, not derived from mi-
croscopic considerations, and is meant to be a simple
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main text. This is hardly surprising, as there is a much
larger number of fitting parameters available in the phe-
nomenological model. However, the fit does illustrate the
effects of modifying the polaronic absorption peak in the
superconducting state. For instance, we find that mod-
ulation shifts the onset of the polaronic absorption peak
upward. This, in turn, reduces the dissipation at subgap
frequencies and implies that a smaller Higgs modulation
amplitude Λm/Λs is needed to match the experiment.

τ (fs) A Eg δ Λs Es Ee Λm/Λs

2000 200 10.5 4.5 33.5 11.5 27 0.15
1000 190 11.0 4.0 37.2 12.0 27 0.28
100 180 11.5 4.0 40.9 12.5 27 0.37

TABLE II: Model parameters for different pump pulses. A
is in units of Ω−1cm−1, Λs in units of 103meV2, and the
parameters δ, Eg, Es, and Ee are all in units of meV.

Given the large number of parameters involved in the
phenomenological model (the parameters appearing in
Eqs. (C1) and (C2), as well as ωH and Λm/Λs), there is
some amount of freedom in choosing their values with-
out significantly affecting the quality of the overall com-
parison to experiment. However, a systematic study
of the effect of varying these parameters yields the fol-
lowing robust conclusions: that ωH is in the window
20 < ωH < 25meV; and that Λs increases with decreasing
pump pulse width τ . Both conclusions are in agreement
with the analysis in the main text.
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of the Gaussian parameters can be depicted by the matrix
equation

−iSH
q σy∂tSq = SH

q Ω̃q(t)Sq (53)

iTH
k ∂tTk = TH

k Hk(t)Tk (54)

where the renormalized phonon energy is generalized as

Ω̃q =
4|λq|2

N

∑

α

J̃α
(

1− cos qα
)

∑

k

〈nk〉GS cos kαE22 + Ω̄q(t)(55)

and the effective fermion single-body Hamiltonian is

Hk =

(

ε̃k↑ ∆k

∆∗
k −ε̃−k↓

)

(56)

with ε̃kσ = −2
∑

α J̃α cos kα−µeff+
1
N

∑

k′ Vk−k′ 〈nk′σ〉GS

and ∆k = 1
N

∑

k′ Vk−k′ 〈ck′↑c−k′↓〉GS in a mean-field
manner. Due to the dress of phonons, the effec-
tive interaction becomes Vq = 2ḡqeuq cosϕqRe[λq] −
2|λq|2eT1 Ω̄q(t)e1 and effective chemical potential is µeff =
µ+ 1

2N

∑

Vq+ρfV0 with ρf denoting the average electron
filling.
Writing Eqs. (53) and (54) in the covariance matrix

language, they becomes

∂tΓq = iσyΩ̃q(t)Γq − iΓqΩ̃q(t)σy (57)

∂tΞk = −i [Hk,Ξk] . (58)

Using Eqs. (50), (50), (51), (57) and (58), we are able
to track the dynamics of all variational parameters. Ac-
cordingly, the wavefunction and instantaneous physical
observables can be calculated with controlled accuracy.

C. Higgs Oscillations and Nonlinear Probe in a
Parametric Driven System

Non-adiabatic changes of microscopic parameters in
superconductors can lead to exciting the amplitude mode
of the order parameter, or so-called Higgs mode. For
example, dynamics of the superconductivity order pa-
rameter in the BCS model following a quench of the
coupling constant has been discussed by Barankov et al.
and Yuzbashian et al. In contrast to these studies, we
explicitly solve the model with electron-phonon interac-
tions without integrating out the phonon modes into a
BCS-type interaction. This treatment not only allows us
to microscopically mimic the pump and measure the ex-
plicit dressing of electrons, but also allows a much richer
dynamics, including decoherence of electrons due to in-
teraction with phonons. In this section, we will show
that appearance of Higgs excitations is still a robust phe-
nomenon in such a microscopic model. The coherent
Higgs modes can lead to a nonlinear effect in the pho-
tocurrent, corresponding to the discussions in Sec. III.

1. Dynamics Induced by Quenching the Electron-Phonon
Coupling

Before discussing the experimentally relevant situation
of phonon pumping, let us first consider a somewhat the-
oretical question of dynamics following a quench of the
electron-phonon coupling constant. Although a sudden
quench is not easily accessible in solid-state experiments,
it can reveal the most intrinsic properties as a simple per-
turbation. Thus it will provide useful guidance for sub-
sequent analysis of the problem of parametrically driven
phonons.
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FIG. 9. Dynamics of the order parameter ∆S(t) after the
quantum quench from gstart equilibrium state to g = 4J at
t = 0. The dashed line denotes the static point gstart = g.

Figure 9 shows the post-quench dynamics of ∆S , while
starting from different equilibrium states determined by
various gstart. Here the superconducting order parameter
is defined as

∆S =
1

N

∣

∣

∣

∣

∣

∑

k

∆k

∣

∣

∣

∣

∣

(59)

where ∆k was introduced after Eq. (56). Physically
it corresponds to the “quasiparticle gap” of the po-
larons, which can be reflected by the measurable spectral
property? . The equilibrium value of ∆S monotonically
increases with the coupling parameter gstart. At t = 0,
the coupling parameters of different initial states are all
quenched to g = 4J , whose intrinsic ground state yields
a ∆S

g=4J ≈ 1.14J . The mismatch of the initial states and
the quenched Hamiltonian then leads to an oscillation
of the order parameter around ∆S

g=4J . Away from the
static point gstart = g, this oscillation exhibits lower fre-
quencies and becomes damped at long times; approach-
ing the static point, the oscillation becomes weaker and
less damped, while the dominant frequency is maximized.
The physical origin of these oscillatory dynamics can

be understood by a Fourier analysis. As shown in

Ee�ph = g
X

q

(aq + a†�q)c
†
k+q,�ck�
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FIG. 10. The Fourier spectra of post quench dynamics in reference to the frequency ωdynm, for different starting states gstart
along the horizontal axis and different quenched interactions (a) g = 3J , (b) g = 4J and (c) g = 5J . The black arrows denote
the corresponding static point, while the blue crosses mark the asymptotic frequency at the static limit.

Fig.10(b) corresponding the the dynamics in Fig. 9, the
Fourier spectra display a “arch” feature with the start-
ing interaction. The frequency components away from
the static point are complicated continuum and become
increasingly softened. The non-monochromic spectra ex-
plain the damped dynamics in the time domain. With
the equilibrium interaction approaching the quenched
ones, this continuum merges into a single peak (indicated
by the arrows). Although the amplitude approaches zero
near gstart = g, the asymptotical monochromic spec-
trum reflects a single oscillation lasting for a long time.
Figs. 10(a-c) compare different quenched interactions,
indicating different intrinsic orders out of equilibrium.
Though the peak position at the static point varies over
the quenched interactions, the shape of spectrum remains
similar. With an asymptotically tuned interaction closer
to g, the characteristic frequencies can be extracted for
each quenched interaction, as shown in Fig. 11 by the
open dots. These frequencies match well with the 2∆S

obtained at an equilibrium system with coupling g, indi-
cating the Higgs mode of superconductivity. Therefore,
from the perspective of Higgs mode, we can also demon-
strate that the intrinsic order parameter is the polaronic
one.

2. Nonlinear Photocurrent Induced by Pumping an
Electron-Phonon System

With the understanding of the relatively simple dy-
namics upon a quantum quench, we are able to exam-
ine the nonequilibrium phenomena induced by a realistic
pump field. To mimic the situation in the K3C60 experi-

ment, the pump is selected as a parametric squeezing of
phonons, which has been included in the derivations of
Sec. IVB. Specifically, we simulate the pulsed pump by

I(t) = A0 sin
[

Ω(t− t0)
]

e−(t−t0)
2/2σ2

t (60)

Here A0 and σt set the pump strength and width, while
Ω and t0 determine its central frequency and time. Note,
due to the conjugate frequency and time quantity, both
of them contain some extent of uncertainty proportional
to σ−1

t and σt.
In contrast to the direct parameter engineering of

quantum quench, the realistic pump can only control a
number of degrees of freedom, in a collective manner.
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each quenched interaction, as shown in Fig. 11 by the
open dots. These frequencies match well with the 2∆S

obtained at an equilibrium system with coupling g, indi-
cating the Higgs mode of superconductivity. Therefore,
from the perspective of Higgs mode, we can also demon-
strate that the intrinsic order parameter is the polaronic
one.

2. Nonlinear Photocurrent Induced by Pumping an
Electron-Phonon System

With the understanding of the relatively simple dy-
namics upon a quantum quench, we are able to exam-
ine the nonequilibrium phenomena induced by a realistic
pump field. To mimic the situation in the K3C60 experi-

ment, the pump is selected as a parametric squeezing of
phonons, which has been included in the derivations of
Sec. IVB. Specifically, we simulate the pulsed pump by

I(t) = A0 sin
[
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Here A0 and σt set the pump strength and width, while
Ω and t0 determine its central frequency and time. Note,
due to the conjugate frequency and time quantity, both
of them contain some extent of uncertainty proportional
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In contrast to the direct parameter engineering of

quantum quench, the realistic pump can only control a
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FIG. 12. Pumped induced dynamics of the order parameter
∆S for various pump frequencies Ωs with (a) A0 = 0.2 and
(b) A0 = 0.05. The black curve sketches the pump pulse,
while the dashed line denotes the Higgs frequency ωH = 2∆S

at this system.

Starting from an equilibrium superconductor with g = 4J
and ∆S ≈ 1.14J , Fig. 12 (a) shows the dynamics of the
superconducting order parameter induced by the pulsed
pump with A0 = 0.2 and frequency Ω ranging from 0 to
5J . This range is selected because it is on the same order
of the Higgs frequency, in order to be relevant. Followed
by the pump pulse, the order parameter is changed (here
suppressed) by different extent. This suppression is max-
imized near Ω = 2.3J ∼ 2∆S , hinting the connection to
the Higgs excitations.
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FIG. 13. Fourier spectra of dynamics induced by pump
strength A0 = 0.01 ∼ 0.15. The left and right panels show
two pump frequencies Ω = 2J and Ω = 2.5J . The double-end
arrow denotes twice of the order parameter.

This connection is clearer at a weaker pump amplitude,
as shown in Fig. 12 (b). In addition to the overall weaker
oscillating amplitude, the region where obvious dynamics
can be induced is further narrowed to the vicinity of ωH .
Compared to the quench of a specific parameter in Fig. 9,
the dynamics induced by pump here exhibits less obvious
oscillations, due to the mixture of multiple ingredients.
The underlying physics can be better reflected in the fre-
quency space. Fig. 13 shows the Fourier spectrum for the
order parameter dynamics at various pump strengths. At
both pump frequencies, the dynamics frequencies merge
from a continuum to a single peak at ωH , with the de-
crease of A0. From this aspect, the pumped dynamics
reflects a similar behavior with the quench of interaction
parameters: a pump pulse resonant to ωH can induce a
Higgs oscillation of the order parameter.

V. DISCUSSION

The Higgs mode is a fundamental collective excita-
tion of systems with spontaneous symmetry breaking.
It is a gapped excitation associated with oscillations in
the amplitude of the order parameter. Examples of
the Higgs mode in condensed matter are plentiful: the
Higgs has been seen in the superconducting phase of
NbSe2? ? ? and in amorphous superconducting films? ,
in cold bosonic gases near the superfluid to Mott in-
sulator transition? , in the dimerized antiferromagnet
TlCuCl3? , and in a variety of incommensurate charge
density wave (CDW) systems? ? ? , among others.
In superconductors? and charge density wave

systems? ? , the Higgs mode has been probed using
pump-probe experiments, in which a brief but intense
pulse of light is applied (the pump), followed by a mea-
surement of optical properties, probed as a function of
delay time. As an example, measurements on a thin film
sample of the superconductor Nb1−xTixN have showed
that the pump pulse induces oscillations in the optical
response. The oscillations occur at the frequency of the
Higgs mode, and they persist for many cycles after the
pump pulse is turned off, suggesting that the Higgs mode
is coherently excited.
In this paper we presented a new mechanism for prob-

ing the Higgs mode using pump-probe spectroscopy. This
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at this system.

Starting from an equilibrium superconductor with g = 4J
and ∆S ≈ 1.14J , Fig. 12 (a) shows the dynamics of the
superconducting order parameter induced by the pulsed
pump with A0 = 0.2 and frequency Ω ranging from 0 to
5J . This range is selected because it is on the same order
of the Higgs frequency, in order to be relevant. Followed
by the pump pulse, the order parameter is changed (here
suppressed) by different extent. This suppression is max-
imized near Ω = 2.3J ∼ 2∆S , hinting the connection to
the Higgs excitations.
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two pump frequencies Ω = 2J and Ω = 2.5J . The double-end
arrow denotes twice of the order parameter.

This connection is clearer at a weaker pump amplitude,
as shown in Fig. 12 (b). In addition to the overall weaker
oscillating amplitude, the region where obvious dynamics
can be induced is further narrowed to the vicinity of ωH .
Compared to the quench of a specific parameter in Fig. 9,
the dynamics induced by pump here exhibits less obvious
oscillations, due to the mixture of multiple ingredients.
The underlying physics can be better reflected in the fre-
quency space. Fig. 13 shows the Fourier spectrum for the
order parameter dynamics at various pump strengths. At
both pump frequencies, the dynamics frequencies merge
from a continuum to a single peak at ωH , with the de-
crease of A0. From this aspect, the pumped dynamics
reflects a similar behavior with the quench of interaction
parameters: a pump pulse resonant to ωH can induce a
Higgs oscillation of the order parameter.

V. DISCUSSION

The Higgs mode is a fundamental collective excita-
tion of systems with spontaneous symmetry breaking.
It is a gapped excitation associated with oscillations in
the amplitude of the order parameter. Examples of
the Higgs mode in condensed matter are plentiful: the
Higgs has been seen in the superconducting phase of
NbSe2? ? ? and in amorphous superconducting films? ,
in cold bosonic gases near the superfluid to Mott in-
sulator transition? , in the dimerized antiferromagnet
TlCuCl3? , and in a variety of incommensurate charge
density wave (CDW) systems? ? ? , among others.
In superconductors? and charge density wave

systems? ? , the Higgs mode has been probed using
pump-probe experiments, in which a brief but intense
pulse of light is applied (the pump), followed by a mea-
surement of optical properties, probed as a function of
delay time. As an example, measurements on a thin film
sample of the superconductor Nb1−xTixN have showed
that the pump pulse induces oscillations in the optical
response. The oscillations occur at the frequency of the
Higgs mode, and they persist for many cycles after the
pump pulse is turned off, suggesting that the Higgs mode
is coherently excited.
In this paper we presented a new mechanism for prob-

ing the Higgs mode using pump-probe spectroscopy. This
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FIG. 3: Wave numbers without the hybridization of two
waves (vertical) v.s. frequency ωs (horizontal). ℑ[κ̃s]
(blue) and ℑ[κ̃i] (yellow) are shown. ΩTO = 23THz and
ωp = 29.3THz. They give the dispersion relation of the
polariton. In order to see the phase-matching condition
(39), −ℑ[κ̃i] (lightyellow) is also shown. At ωs = 20 and
39THz, the phase-matching condition is satisfied.
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FIG. 4: Localization lengths without the hybridiza-
tion(vertical) v.s. frequency (horizontal). 1/ℜ[κ̃s] (blue)
and 1/ℜ[κ̃i] (yellow) are shown. Since ℑ[κ̃s] has a gap be-
tween the upper and lower branches at ΩTO < ωs < ωp,
there is no bulk mode of the signal frequency in this
region. Thus, the localization length becomes almost
zero. 1/ℜ[κ̃i] also becomes almost zero at ωp < ωs <
2ωp − ΩTO.
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FIG. 5: Wave numbers with the hybridization (verti-
cal) v.s. frequency ωs(horizontal). ℑ[κ̃+] and ℑ[κ̃−] are
shown. At the frequencies where (39) is satisfied, i.e.,
ωs = 20 and 39THz, strong mixing of the signal and idler
light occurs.
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FIG. 6: Localization lengths with the hybridization (ver-
tical) v.s. frequency ωs(horizontal). ℑ[κ̃+] and ℑ[κ̃−] are
shown. The strong mixing of the light makes them infi-
nite at around ωs = 20 and around 29THz, which means
the light propagates without decay. At ωs=24.1THz and
34.6THz, they become zero. The light is localized at the
surface.

both frequency components (see fig 7). When describ-
ing light penetrating into the insulator we need to use
eigenmodes of the system. Hence we will decompose the
transmitted wave into Floquet eigenmodes κ+ and κ−.
Thus we have the following decomposition of the fields:
In the air for z > 0
!

E(r, t)
B(r, t)

"
=

!
Einc(r, t)êx
Binc(r, t)êy

"
+

!
Eref(r, t)êx
Bref(r, t)êy

"

!
Einc(r, t)
Binc(r, t)

"
= E0

!
1√
"0µ0

"
e−iωsteκsz (49)

!
Eref(r, t)
Bref(r, t)

"
= rsE0

!
1

−√
"0µ0

"
e−iωste−κsz

+ riE0

!
1

−√
"0µ0

"
eiωite−κiz (50)

where

κs ≡ −i
ωs

c
(51)

κi ≡ i
ωs

c
. (52)

We notice that we take the sigh of κs and κi opposite
in order to match the time dependence of the phases in
(72), which are also opposite.

In the insulator for z < 0

!
E(r, t)
B(r, t)

"
= t+

!
E+(t)êx
B+(t)êy

"
eκ+z

+ t−

!
E−(t)êx
B−(t)êy

"
eκ−z (53)

Expressions for E±(t) is taken from (37) and we take
E1± = E0êx. By substituting E±(t) into (5) the mag-
netic field in (53) is given by

B±(t) ≡ iκ±E0êy

!
e−iωs

ωs
− α±

eiωi

ωi

"
. (54)

Coefficients r1,2, t± can be found from the boundary con-
ditions for the electric and magnetic fields. In the case
of normal incidence considered here they correspond to
continuity of the electric and magnetic fields.

e−iωst + r1e
−iωst + r2e

iωit = t+E+(t) + t−E−(t)

e−iωst − r1e
−iωst − r2e

iωit = t+B+(t) + t−B−(t)

(55)

Solving (49)-(55), we obtain the reflection and trans-
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FIG. 7: Schematic figure of the Fresnel-Floquet light reflec-
tion. The incident light has a frequency ωs while the reflected
light has components of frequencies ωs and ωi due to the para-
metric amplification process. Inside the slab, large amplitude
of phonon mixes them; the Floquet eigenmodes are the su-
perpositions of these two components which take the same
spatial dependence.

mission coefficients.

rs =
α−(κi + κ−)(κs − κ+)− α+(κi + κ+)(κs − κ−)

α−(κi + κ−)(κs + κ+)− α+(κi + κ+)(κs + κ−)
(56)

ri =
2α−α+κs(−κ+ + κ−)

α−(κi + κ−)(κs + κ+)− α+(κi + κ+)(κs + κ−)
(57)

t+ =
2α−κs(κi + κ−)

α−(κi + κ−)(κs + κ+)− α+(κi + κ+)(κs + κ−)
(58)

t− =
−2α+κs(κi + κ+)

α−(κi + κ−)(κs + κ+)− α+(κi + κ+)(κs + κ−)
(59)

(56) reproduces Fresnel’s formula away from the points
where (39) is satisfied. Using (41)-(48), (56) is approxi-
mated as

rs ≃
κs − κ̃s

κs + κ̃s
. (60)

rs is continuous and strictly less than one in this case
because ℑ[κs] and ℑ[κ̃s] have the same sign and ℜ[κ̃] is
much smaller than ℑ[κ̃s]. In Fig 8 we show our numer-
ical result of the reflectivity rs. In the inset (SS: add
inset) we show rs without the background phonon ex-
citation, Qp = 0. Away from the frequencies of (39),
the reflectivity in these two cases is similar. The incident
light is reflected almost perfectly in between two branches

0 1×1013 2×1013 3×1013 4×1013 5×1013
0.0

0.5

1.0

1.5

2.0

FIG. 8: Reflectivity rs (vertical) vs frequency of the incident
light (horizontal) in our numerical calculation. We see some
jumps and peaks of the reflectivity. The discontinuities are
observed at three frequencies, ωs = 20, 29, and 39THz. They
indicate the presence of amplifying solution. The peaks are
observed at two frequencies, ωs = 24 and 35THz. They cor-
respond to the frequencies where surface modes appear.

of the polariton at 24THz< ωs <29THz. This is called
the reststrahlen band. However, the reflectivity shows
anomalous behavior when (39) holds. At the frequen-
cies around ωs = 20, 29, 39 THz, we see discontinuities
of the reflectivity, which indicate the presence of lasing.
At ωs = 24 and 35THz, we see peaks, which come from
surface modes. These singular behaviors are important
as they indicate the presence of unstable modes at these
frequencies. We analyze these five frequencies in Sec. IV.

IV. POLARITON EIGENMODES AND POLES
OF THE REFLECTION MATRIX

We obtained the reflection and transmission coeffi-
cients for fixed ωs in Sec. III. In order to reveal the
connection between the discontinuities of rs and the un-
stable modes of the electric field, we consider the tem-
poral problem in which a wave of a frequency ωs comes
down from z > 0 and its front reaches the surface of the
slab at t = 0. A causal excitation in the air is assumed,
i.e., the field for z > 0 vanish for time t < 0. The train
shape is

Etrain(z = 0, t) =

,
0 (t < 0)

E0e
−iωst (0 ≤ t)

(61)

and we only consider ωs component of the reflected wave
Eref,s(z, t) for simplicity. In a dissipative media, the
frequency-domain field can be obtained by Fourier trans-
form. Since the media is active, however, it may diverge
as t → ∞. Hence, we employ Laplace transform instead
of Fourier transform.

εref,s(z,ω) ≡
- ∞

0

Eref,s(z, t)e
iωtdt (62)

where ℑ[ω] > γ for a sufficiently large, real constant
γ. Our results (56)-(59) are unchanged when we extend
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nite at around ωs = 20 and around 29THz, which means
the light propagates without decay. At ωs=24.1THz and
34.6THz, they become zero. The light is localized at the
surface.
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"
eκ−z (53)

Expressions for E±(t) is taken from (37) and we take
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What do these two have in common?

Superconductivity Weak force

Answer: The Anderson-Higgs mechanism



Reasons for bosons to be massless

1. Spontaneous symmetry breaking => Goldstone’s theorem

2. Gauge invariance

In superconductor, both phenomena exist, yet all excitations are 
gapped.  Why?

Anderson: Goldstone boson and gauge field mix.  Both become 
massive, yielding plasmon and Meissner effect.
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One gets
k 0k.o-=m'

or

We have also
4&„(+A) =-,' Tr(a "Aa,At).

(k.a)"' is the Hermitian square root of k a.
The relation between the unimodular matrices and

the restricted Lorentz transformations is given by

Acr„A~=A„"fr„,

~ Tr(a "o.r) =g,",
O.„~=CO.„C ' or 0„=Co.„~C '.

For any 2 by 2 matrix M the relation CM~C '
=M ' detM is an identity.
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Plasmons, Gauge Invariance, and Mass
p. W. ANDERsoN

BdI TelePhoee Laboratories, MNrray IIN, ¹mJersey
(Received 8 November 1962)

Schwinger has pointed out that the Yang-Mills vector boson implied by associating a generalized gauge
transformation with a conservation law (of baryonic charge, for instance) does not necessarily have zero
mass, if a certain criterion on the vacuum fluctuations of the generalized current is satisfied. %'e show that
the theory of plasma oscillations is a simple nonrelativistic example exhibiting all of the features of Schwin-
ger's idea. It is also shown that Schwinger's criterion that the vector field m&0 implies that the matter
spectrum before including the Yang-Mills interaction contains m=0, but that the example of supercon-
ductivity illustrates that the physical spectrum need not. Some comments on the relationship between these
ideas and the zero-mass difhculty in theories with broken symmetries are given.

ECKXTLY, Schwinger' has given an argument
strongly suggesting that associating a gauge

transformation with a local conservation law does not
necessarily require the existence of a zero-mass vector
boson. For instance, it had previously seemed impossible
to describe the conservation of baryons in such a
manner because of the absence of a zero-mass boson
and of the accompanying long-range forces. ' The
problem of the mass of the bosons represents the major
stumbling block in Sakurai's attempt to treat the
dynamics of strongly interacting particles in terms of
the Yang-Mills gauge fields which seem to be required
to accompany the known conserved currents of baryon
number and hypercharge. ' (We use the term "Yang-
Mills" in Sakurai's sense, to denote any generalized
gauge field accompanying a local conservation law. )
The purpose of this article is to point out that the

familiar plasmon theory of the free-electron gas ex-
emplifies Schwinger's theory in a very straightforward
manner. In the plasma, transverse electromagnetic
waves do not propagate below the "plasma frequency, "
which is usually thought of as the frequency of long-
wavelength longitudinal oscillation of the electron gas.
At and above this frequency, three modes exist, in
close analogy (except for problems of Galilean invari-
ance implied by the inequivalent dispersion of longi-
tudinal and transverse modes) with the massive vector
boson mentioned by Schwinger. The plasma frequency
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is equivalent to the mass, while the 6nite density of
electrons leading to divergent "vacuum" current
fluctuations resembles the strong renormalized coupling
of Schwinger's theory. In spite of the absence of
low-frequency photons, gauge invariance and particle
conservation are clearly satisfied in the plasma.
In fact, one can draw a direct parallel between the

dielectric constant treatment of plasmon theory4 and
Schwinger's argument. Schwinger comments that the
commutation relations for the gauge 6eld A give us
one sum rule for the vacuum fluctuations of A, while
those for the matter field give a completely independent
value for the Auctuations of matter current j. Since j
is the source for A and the two are connected by 6eld
equations, the two sum rules are normally incompatible
unless there is a contribution to the A rule from a free,
homogeneous, weakly interacting, massless solution of
the 6eld equations. If, however, the source term is
large enough, there can be no such contribution and
the massless solutions cannot exist.
The usual theory of the plasmon does not treat the

electromagnetic field quantum-mechanically or discuss
vacuum Quctuations; yet there is a close relationship
between the two arguments, and we, therefore, show
that the quantum nature of the gauge field is irrelevant.
Our argument is as follows:
The equation for the electromagnetic 6eld is

p'A„= (k'—(o')A„(k,ai) = 4~j„(k,~d).
' P. Nozieres and D. Pines, Phys. Rev. 109, 741 (1958).



Anderson-Higgs mechanism vs Higgs boson
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Anderson-Higgs mechanism:  
If symmetry is gauged, Goldstone mode is eaten up to give massive 
vector field

Higgs boson:  
- Fluctuations in order parameter amplitude.   
- Massive, whether symmetry is gauged or not.   
- Not charged.
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Amplitude and phase:

Gauged U(1)  theory :
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Gauge invariance: , ! e�i⇠  

✶  There is no ξ particle !

✶  The Higgs boson (η) has mass,                      ,  independent of e
✶   Photon becomes massive triplet
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