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Spectroscopy of superconductors at strong THz fields

“Natural” non-linearity of (bulk) Josephson plasmons

“Less trivial” non-linearity within a microscopic picture
(fermionic vs bosonic, clean vs disordered, …)
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Linear response: weak perturbation, one measures 
the optical-active excitations of the system

Example: phonon mode Q coupled to light
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Non-linear response: strong perturbation, one can 
access Raman-like excitations of the system

Non-linear response in strong THz fields: Third-Harmonic Generation (THG)
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Non-linear response in strong THz fields: Third-Harmonic Generation (THG)
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Non-linear response: strong perturbation, one can 
access Raman-like excitations of the system
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• Several experiments in conventional superconductors, like NbN and MgB2, and unconventional 
superconductors, like cuprates and pnictides

Superconductors show large THG

Methods
Sample growth and characterization. The LSCO(OP45) and DyBCO(OP90)
samples were grown by molecular beam epitaxy (MBE), and the YBCO(OP88)
sample was grown by pulsed laser deposition (PLD) at the Max Planck Institute for
Solid State Research. The LSCO(OP45) sample is 80 nm-thick on a LaSrAlO4
(LSAO) substrate. The DyBCO(OP90) sample is 70 nm-thick on a (LaA-
lO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrate. The YBCO(OP88) sample is 200 nm-thick
on a NdGaO3 (NGO) substrate. The BSCCO(OD65) sample was grown by sput-
tering technique at Laboratoire de Physique des Solides. The BSCCO(OD65)
sample is 160 nm thick on a MgO substrate. As shown in Supplementary Note 1, Tc
is determined from mutual inductance measurement for LSCO(OP45), DyBCO
(OP90) and YBCO(OP88). Tc of BSCCO(OD65) is determined from the drop in
magnetic moment from SQUID measurement under zero-field cooling. We define
Tc as the onset of the drop in mutual inductance and magnetic moment during
cooling.

THG experiment. The majority of the data presented in this study are measured
using the experimental setup shown in Supplementary Note 2. For fluence
dependence measurements, we add an additional 1.93 THz bandpass filter (BPF)
before Polarizer 3 (P3) to suppress the fundamental harmonic (FH). For tem-
perature dependence of third harmonic (TH) in BSCCO(OD65), we also add an
additional 1.9 THz BPF before P3. For electro-optical sampling we used a 2 mm
ZnTe crystal and 100 fs gate pulse with 800 nm central wavelength. Accelerator-
based THz pump and the laser gating pulse have a timing jitter characterized by a
standard deviation of ~20 fs. Synchronization was achieved through pulse-resolved
detection.

Data availability
The data that support the findings of this study are available from the first author and the
corresponding authors upon reasonable request. The raw pre-sorted and pre-binned data

that allow statistical analysis is available at https://doi.org/10.14278/rodare.277 together
with the software tools that were used for data treatment. Further requests on data
treatment should be sent to HZDR via S.Ko.

Code availability
The numerical code used to calculate the results for this work is available from H.C. and
L.S. upon reasonable request.
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Fig. 4 Driven coupled oscillators model and finite THG above Tc. a The dotted lines depict the amplitude response of a critically damped harmonic
oscillator and an underdamped harmonic oscillator as the driving frequency ω is varied. When these two oscillators are coupled, the coupled system retains
two resonances but also develops an anti-resonance. Across the anti-resonance (vertical dotted line), the amplitude (solid red line) of the driven oscillator
goes through a minimum while its phase (solid blue line) jumps negatively with the driving frequency. b Assuming the driving frequency is fixed as in our
experiment, but that the resonance frequency of the two oscillators varies with temperature as Δ(T) and δΔ(T) (δ < 1), the response of the coupled
oscillators system is shown as a function of T. The anti-resonance in a is recaptured: the amplitude of the Higgs oscillation (thin red line) goes through a
minimum while its phase (thick blue line) jumps negatively with T. The dotted line illustrates the effect of screening, which is to reduce the driving force
and hence the amplitude at lower T. c Temperature dependence of (ITH/IFH3)1/4, which remains finite above Tc. (ITH/IFH3)1/4 is theoretically predicted to be
∝ Δ away from resonance. d FH and TH components extracted from the transmitted waveform from LSCO(OP45) at 50 K > Tc.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15613-1 ARTICLE

NATURE COMMUNICATIONS | ��������(2020)�11:1793� | https://doi.org/10.1038/s41467-020-15613-1 | www.nature.com/naturecommunications 5

H. Chu et al. 
Nat. Comm. 11, 1793 (2020)

R. Matsunaga et al., 
Science 345, 1145 (2014)

S. Rajasekaran et al. 
Science 359, 575  (2018)

NbN La2-xBaxSrCuO4

z-axis polarization

Cuprates
CuO2 plane polarization



• Several experiments in conventional superconductors, like NbN and MgB2, and unconventional 
superconductors, like cuprates and pnictides

• Below Tc the quasiparticle spectrum changes due to gap opening, new collective modes emerge, connected 
to the amplitude (Higgs) and phase (Plasmon) of the order parameter

𝑐↑𝑐↓ = 𝜓 = (∆. + ∆)𝑒!/

Re( ) Im( )
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Why non-linearity should be so strong in superconductors?

Can we really separate fermionic effects (quasiparticles) from bosonic ones (collective modes)?

Superconductors show large THG

𝐸0 = 𝜉0& + Δ.&
2Δ.



• In a superconductor the e.m. field couples to the phase degrees of fredom

• Interacting phase-only model:  a non-linear coupling to light emerges naturally

• Currents depends non-linearly on the gauge-invariant phase

• Linear response: usual superfluid behavior

• Non-linear response: contribution of exchange of phase fluctuations, i.e. plasmons

Non linearity of Josephson plasmons
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𝐴 → 2𝑒𝐴/𝑐

Effective coarse-grained model on the scale ~𝜉-

𝐽* =
(ℏ /2𝑒)&

𝐿6



• In a superconductor the e.m. field couples to the phase degrees of fredom

• Interacting phase-only model:  a non-linear coupling to light emerges naturally

• One needs to add quantum effects: for a simple non-dispersive plasmon

Non linearity of Josephson plasmons
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Non linearity of Josphson plasmons
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Non linearity of Josphson plasmons

𝐽12 ~𝐴𝐽*& 𝜑&𝜑& 𝐴&= 𝐴𝐾𝐴& 𝐾 𝜔 ∝
𝐽*&

𝜔:

coth 𝛽𝜔:
4𝜔:& − 𝜔& 𝐼;<= ∝ 𝐾 2Ω' 

&

𝒌

2Δ.
QP

eV
TH
z

𝜔
𝜔+,CD

𝜔+,B

We have in mind excitation of two plasmons with 
opposite and arbitrary momenta k

We should account for dispersion of plasmons in 
a layered system, where the soft out-of-plane 
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Plasma waves in layered superconductors
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• Light polarized along c couples to phase gradient along the same direction

• Polarization projects out the anisotropic 3D dispersion at small 𝑘1 , leaving 
most of the spectral weight around 𝜔1

Plasmon dispersion and polarization effects
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• In the bilayer case two Josephson plasmons emerge

• The reflectivity edge at q=0 and the superfluid stiffess are dominated by the 
lower one 𝜔1'

Plasmon dispersion and polarization effects: bilayer case 
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• In the bilayer case two Josephson plasmons emerge

• The reflectivity edge at q=0 and the superfluid stiffess are dominated by the 
lower one 𝜔1'

•  The dispersion moves the energy of the soft plasmon towards a larger value 
𝜔= as momentum increases

Plasmon dispersion and polarization effects: bilayer case 
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• In the bilayer case two Josephson plasmons emerge

• The reflectivity edge at q=0 and the superfluid stiffess are dominated by the 
lower one 𝜔1'

•  The dispersion moves the energy of the soft plasmon towards a larger value 
𝜔= as momentum increases
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• In the bilayer case two Josephson plasmons emerge

• The reflectivity edge at q=0 and the superfluid stiffess are dominated by the 
lower one 𝜔1'

•  The dispersion moves the energy of the soft plasmon towards a larger value 
𝜔= as momentum increases

Plasmon dispersion and polarization effects: bilayer case 
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• Several experiments in conventional superconductors, like NbN and MgB2, and unconventional 
superconductors, like cuprates and pnictides

Superconductors show large THG

Methods
Sample growth and characterization. The LSCO(OP45) and DyBCO(OP90)
samples were grown by molecular beam epitaxy (MBE), and the YBCO(OP88)
sample was grown by pulsed laser deposition (PLD) at the Max Planck Institute for
Solid State Research. The LSCO(OP45) sample is 80 nm-thick on a LaSrAlO4
(LSAO) substrate. The DyBCO(OP90) sample is 70 nm-thick on a (LaA-
lO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrate. The YBCO(OP88) sample is 200 nm-thick
on a NdGaO3 (NGO) substrate. The BSCCO(OD65) sample was grown by sput-
tering technique at Laboratoire de Physique des Solides. The BSCCO(OD65)
sample is 160 nm thick on a MgO substrate. As shown in Supplementary Note 1, Tc
is determined from mutual inductance measurement for LSCO(OP45), DyBCO
(OP90) and YBCO(OP88). Tc of BSCCO(OD65) is determined from the drop in
magnetic moment from SQUID measurement under zero-field cooling. We define
Tc as the onset of the drop in mutual inductance and magnetic moment during
cooling.

THG experiment. The majority of the data presented in this study are measured
using the experimental setup shown in Supplementary Note 2. For fluence
dependence measurements, we add an additional 1.93 THz bandpass filter (BPF)
before Polarizer 3 (P3) to suppress the fundamental harmonic (FH). For tem-
perature dependence of third harmonic (TH) in BSCCO(OD65), we also add an
additional 1.9 THz BPF before P3. For electro-optical sampling we used a 2 mm
ZnTe crystal and 100 fs gate pulse with 800 nm central wavelength. Accelerator-
based THz pump and the laser gating pulse have a timing jitter characterized by a
standard deviation of ~20 fs. Synchronization was achieved through pulse-resolved
detection.

Data availability
The data that support the findings of this study are available from the first author and the
corresponding authors upon reasonable request. The raw pre-sorted and pre-binned data

that allow statistical analysis is available at https://doi.org/10.14278/rodare.277 together
with the software tools that were used for data treatment. Further requests on data
treatment should be sent to HZDR via S.Ko.

Code availability
The numerical code used to calculate the results for this work is available from H.C. and
L.S. upon reasonable request.
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Non linearity of Josephson plasmons within microscopic models

𝐽 = 𝐽* sin 𝜑 − 𝐴𝐻 𝜃 = −𝐽*?
3

cos 𝜃345 − 𝜃3 There is a single parameter 𝐽* 

At microscopic level: gauge field couples to electrons. One has bare response of quasiparticles, and effective coupling 
functions for collective excitations
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Even weak disorder makes BCS response very strong 
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Strong disorder can also increase the Higgs response mediated by electrons 
(but still difficult to distinguish since they occur at the same energy…)
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Non linearity of Josphson plasmons within microscopic models

𝐽 = 𝐽* sin 𝜑 − 𝐴𝐻 𝜃 = −𝐽*?
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We can expect that the effective coupling of two-plasmon excitations depends on disorder, temperature, frequency, etc.
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At microscopic level: gauge field couples to electrons. One has bare response of quasiparticles, and effective coupling 
functions for collective excitations



Conventional NbN at very large disorder, near SIT

Non-linear response survives in a wide range of T 
above 𝑇O , spectral range moves well above 2∆

D. Chaudhuri et al. arXiv:2204.04203

Increasing disorder

𝐽 = 𝐽* sin 𝜑 − 𝐴

𝐻 𝜃 = −𝐽*?
3

cos 𝜃345 − 𝜃3

There is a single parameter 𝐽*(𝑇) 
When 𝐽*(𝑇) goes to zero one should not see any THG

NbN samples



Conventional NbN at very large disorder, near SIT

𝐼;<= 𝑇 ~𝐽)PP(T/Δ, Γ/Δ, Ω+/∆)

Non-linear response survives in a wide range of T 
above 𝑇O , spectral range moves well above 2∆

M. Mondal, L.B. … P. raychaudhuri, Sci. Rep. 3, 1357 (2013)

D. Chaudhuri et al. arXiv:2204.04203

Increasing disorder

Increasing disorder

𝐻 𝜃 ~ :-
&
∇𝜃 & + 𝐽)PP(T/Δ,		Γ/Δ, 𝜔/∆) ∇𝜃 @ + ⋯

THz pump frequency Ω+ much larger than 𝑇O
The fluctuating stiffness can remain large above 𝑇O 

NbN samples



Conclusions

Why non-linearity should be so strong in superconductors?

Can we really separate fermionic effects (quasiparticles) from bosonic ones (collective modes)?

Effective Josephson models seems to reproduce well features connected to soft out-of-plane plasmons
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Conclusions

This effect manifests at all orders in the 
response to the applied e.m. fiels

Why non-linearity should be so strong in superconductors?

Can we really separate fermionic effects (quasiparticles) from bosonic ones (collective modes)?
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𝐻 𝜃 = −𝐽*?
3

cos 𝜃345 − 𝜃3

Non-linear plasmons are a consequence of this

Modification of the fermionic spectrum makes available excitations at q=0 in the Thz range

What about effective Josephson models for real junctions?

Effective Josephson models seems to reproduce well features connected to soft out-of-plane plasmons


