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We study the nonlinear optical response in a superconducting NbN thin film with a strong terahertz (THz)
wave. In. addition to the expected third-harmonic generation, we observe a transient oscillation which softens in
frequency with temperature increasing towards the superconducting transition temperature Tc. We identify this
feature as transient Higgs oscillation. To verify this proposal, we introduce a time-frequency resolved technique,
a spectrogram for visualizing the THz spectrum. The dynamic decaying behavior of the oscillation is observed,
which is consistent with the theoretical expectation of intrinsic Higgs oscillation. Moreover, we observe a
higher-order nonlinear optics effect, i.e., fifth-harmonic generation, which we assign to the higher-order coupling
between the Higgs mode and electromagnetic field.
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With the recent development of state-of-the-art strong-field
terahertz (THz) spectroscopy, it becomes possible to study
linear or nonlinear electromagnetic wave-matter coupling in
a regime that was not accessible before [1,2]. Since the en-
ergy scale of THz light is in the range of meV, it can gently
excite quantum materials without destroying their electronic
orders. Unlike the infrared excitation at higher energies, the
THz experiments provide more direct information about the
low-lying excitations or ground-state properties of quantum
materials.

Among the most appealing applications of strong-field
THz electromagnetic waves is to excite and probe collective
modes of matter, such as the Higgs mode in a superconductor
[3–20]. The Higgs mode emerges as a result of the spon-
taneous breaking of U(1) symmetry in the superconducting
state, which is characterized by a Mexican-hat-shaped free
energy potential. In principle, there are two kinds of collective
excitations associated with this symmetry breaking order: a
phase excitation azimuthally around the brim of the Mexican
hat; and an amplitude excitation along the radial direction of
the Mexican hat. For a superconductor, the phase part, which
is referred to as the Nambu-Goldstone mode, is screened by
long-range Coulomb interactions between charges and shifted
up to the plasma frequency by the Anderson-Higgs mecha-
nism. The amplitude part is called the Higgs mode, which is
a massive mode with an energy at the superconducting energy
gap 2�. The Higgs mode in a superconductor is an analogy to
the Higgs boson in particle physics [5,21,22].
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Since the Higgs mode does not possess an electric or mag-
netic dipole moment, it does not couple linearly to light. This
limitation makes it difficult to be detected, except for some
special cases, e.g., the coexistence of superconductivity and
charge-density wave order that makes the Higgs mode Ra-
man active and detectable by Raman scattering experiments
[23–27]. In recent years, with the development of strong-field
THz technology, the Higgs mode can be excited and probed
by two different ways. One is to quench the superconducting
system by a single-cycle THz pump pulse that brings it out
of the equilibrium state. Then, the order parameter starts to
oscillate at the new equilibrium state with the Higgs mode fre-
quency 2� that can be detected by a time-domain THz probe
measurement [9,28]. The other way is to drive the system
periodically with a multicycle THz pulse [10,14,17,20]. In the
context of Ginzburg-Landau theory, the lowest-order coupling
between the Higgs mode H and electromagnetic field A(ω) is
A2(ω)H . This nonlinear coupling of light to the superconduct-
ing condensate induces oscillation of the order parameter at
twice the driving frequency 2ω. This nonlinear coupling can
also induce higher-order third-harmonic generation (THG)
currents j (3)(t ), resulting from the driven oscillations of the
Higgs mode, i.e., j (3)(3ω) ∝ A(ω)H (2ω). With the effective
2ω driving frequency approaching towards the energy of the
Higgs mode 2�, a resonance in the gap oscillation occurs
and consequently in the THG intensity as well. This behav-
ior has been observed in the transmitted electric field [10].
Although there have been arguments that, in addition to the
Higgs mode, the charge- density fluctuation or pair break-
ing also induces the THG with a similar resonant character
at 2ω = 2� [29,30], subsequent polarization-resolved tera-
hertz studies showed that the Higgs mode makes a dominant
contribution to the THG far exceeding the charge-density
fluctuation contribution in the NbN superconductor [13,31].
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FIG. 1. Temperature dependence of third-harmonic generation in NbN. (a) Strong-field THz transmission electric fields of the NbN crystal
measured from the superconducting state to normal state. (b) The spectra in frequency domain around 1.5 THz via Fourier transformation of
(a). (c) Temperature-dependent intensity map in the frequency domain extracted from (b). (d) Spectral weight of FFG, THG, and transient
feature (black, red, and blue solid circles, respectively) vs temperature. (e) The normalization of THG and transient feature after considering
the screening effect.

In this Letter, we study the optical response in the su-
perconductor NbN under multicycle THz driving pulses. We
observed a weak oscillation peak feature close to the THG
feature, which shifts towards lower energy with increasing
temperature. In light of the theoretical analysis, we identify
the feature as transient Higgs oscillation. It means that the
quench dynamics is present in the THz driving experiment.
To characterize the time evolution of the transient feature
and the THG feature, we introduce the Gabor transform
technique to analyze the data. We find that transient Higgs
oscillation decays faster than THG oscillation, which is
consistent with our theoretical prediction. Furthermore, we
identify a fifth-harmonic generation (FHG), which we assign
to the higher-order coupling A(ω)4H between the Higgs mode
H and electromagnetic field A(ω).

A superconducting 50-nm-thick NbN thin film grown on
an MgO substrate was used for the experiment [32]. The
nonlinear high-harmonic generation spectra were measured
in a home-built high-field terahertz transmission spectroscopy
system. The high-field THz wave was generated by the tilted-
pulse-front method on a LiNbO3 crystal. More details about
the light path are provided in the Supplemental Material [33].

To investigate the nonlinear optical response of the strong-
field terahertz THG signal, we put 0.5-THz bandpass filters
(BPFs) before the NbN film. Then, the single-cycle broadband
THz light is reshaped into a multicycle narrow-band light
around 0.5 THz with a maximum peak electric field ∼4.6
kV/cm. We measured the time-domain THz transmission
electric field of the NbN film with Tc = 15 K by increasing
the temperature from the superconducting state to the normal
state. The time traces at selected temperatures are shown in
Fig. 1(a). The Fourier transformed spectra between 1.2 and
1.7 THz in the frequency domain |Ẽ (ω)| are presented in
Fig. 1(b). In the low-temperature superconducting state, there
is a visible THG peak at 1.5 THz. As the temperature rises, the
THG signal increases and reaches maximum under resonant
conditions with 0.5 THz at 11.4 K. Then, it recedes and

disappears above Tc, which confirms that the THG signal is
linked with superconductivity. Figure 1(c) shows the intensity
map extracted from Fig. 1(b). The THG peak at 1.5 THz does
not show any shift in frequency with temperature increasing
from the lowest measurement temperature at 6 K to Tc. The
spectral weights of fundamental frequency generation (FFG)
and THG shown in Fig. 1(d) are obtained by integration
around 0.5 and 1.5 THz, respectively, defined as SW(ω0) =∫ ω0+�ω

ω0−�ω
E (ω)dω with �ω = 0.1 THz. With the increase of

temperature, the FFG signal monotonically increases due to
the enhancement of transmittance, while the THG signal in-
creases first, decreases subsequently, and finally vanishes.
Taking the transmitted FFG intensity as an estimate for the
electric field inside the superconducting thin film [17], we
can correct for the screening effect and obtain the third-order
susceptibility |χ (3)|2 from the normalized THG intensity by
the transmitted FFH intensity, as displayed in Fig. 1(e). We
notice that a discernible peak emerges as the temperature rises
over 10 K and a redshift of this peak with temperature occurs,
as seen in Figs. 1(b) and 1(c). It is attributed to the softening of
the transient Higgs oscillation and will be explained in detail
later. Its spectral weight and the normalized spectral weight
by FFG as well are shown as blue solid circles in Figs. 1(d)
and 1(e), respectively.

As a third-order nonlinear optical process, THG is propor-
tional to the electric field intensity to the third power. Figure 2
shows the result of fluence-dependent measurements at 6.5 K.
We put two THz wire grid polarizers (WGPs) after a 0.5-THz
BPF to control the intensity of the incoming electric field. Due
to the Malus law I ∝ | cos2(θ )| where θ is the phase difference
between two WGP directions, a variety of electric fields can
be realized by rotating the polarization direction of one THz
wire grid polarizer. Figures 2(a) and 2(b) present time- and
frequency-domain THz electric fields E (t ) and |Ẽ (ω)| as a
function of fluence. Figure 2(c) shows the details about the
THG peak at 1.5 THz. The spectral weight of FFG and THG
versus incoming THz light is shown in Fig. 2(d), where the
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FIG. 2. Power dependence of third-harmonic generation in NbN.
(a) THz electric field transmitted through NbN at different powers
of an incoming electric field. (b) The frequency-domain spectra via
Fourier transformation of (a). (c) An enlarged view of the details
about THG at 1.5 THz. (d) The spectral weight of FFG and THG
vs the incoming electric field. The black and red lines are the fitting
curves by the linear and the third power function, respectively.

solid black and red circles are the spectral weight, extracted
from integration around 0.5 and 1.5 THz in Fig. 2(b), respec-
tively. The relation between THG and incoming THz light
agrees well with the expected third power law: ETHG(3ω) ∝
E3(ω). The black and red dashed lines are fitting curves to the
linear and third power functions, respectively.

As mentioned above, we observe a weak oscillation feature
around 1.5 THz in Figs. 1(b) and 1(c). With the temperature
increasing, the frequency of the peak at 1.5 THz remains
unchanged, while the peak below 1.5 THz shows a redshift.
We identify these two oscillations as the third-harmonic gen-
eration and the transient Higgs oscillation, respectively. The
frequency of forced vibration is only related to the driving fre-
quency ω, thus the frequency of the THG does not depend on
temperature. In contrast, the redshifted transient Higgs oscil-
lation is not only related to the unchanged driving frequency
ω, but also depends on the intrinsic Higgs mode energy 2�(T )
which softens with increasing temperature. When a multicycle
strong-field THz pulse arrives, the system is nonadiabatically
pushed into a nonequilibrium state and will evolve towards
the time-periodically forced oscillation state. At the arrival
of the pump pulse, the transient Higgs oscillation should
be predominant, and its oscillation frequency is temperature
dependent. As the system approaches a stable periodically
driven state, the transient Higgs oscillation decays gradually
while the THG persists and becomes predominant, whose
frequency remains unchanged with a change of temperature.
The transient Higgs signal disappears before the temperature
reaches Tc since the resonant enhancement is suppressed when
2�(T ) moves out of the narrow bandwidth of the incident
pump field. The scenario proposed above is supported by
our theoretical calculation based on the Anderson pseudospin
precession picture. This process can also be understood by the
analogy of a forced harmonic oscillator, which has nonlinear
coupling to an external force. Both the transient oscillation

and the third-harmonic generation can be observed in the
harmonic oscillator system. (See more details in the Supple-
mental Material [33].) We note that, in a reported work on
NbN [10], the authors did not resolve two separate features
but indicated a redshift of the THG peak when the temperature
is elevated to Tc. The observation is somewhat different from
the present work. Nevertheless, the softening of the transient
Higgs oscillation is likely the reason for the observed redshift
of THG, which might be caused by the limited frequency
resolution.

To clarify the above proposal, we introduce the time-
frequency distribution spectrogram to separate the transient
Higgs oscillation and THG oscillation (see more details in
the Supplemental Material [33]). A spectrogram is an anal-
ysis tool that is used to characterize signals whose spectral
content is varying in time [34]. The techniques are called
frequency-resolved optical gating (FROG). It is widely used in
femtosecond laser pulse measurements, and a FROG trace vi-
sually displays the frequency versus time delay. Here, we use
it to analyze the time-domain terahertz spectrum. The time-
frequency-resolved result is extracted from a time-domain
spectrum with different time-delay gating windows by

S(ω, τ ) ≡
∣∣∣∣
∫ ∞

−∞
E (t )g(t − τ ) exp(−iωt )dt

∣∣∣∣
2

, (1)

where g(t − τ ) is the gating window function. When a Gaus-
sian function is chosen as the gating window function g(t −
τ ) = e−[(t−τ )/T ]2

with T the time window, the spectrogram is
equivalent to the so-called Gabor transformation which was
also often used for time-frequency analysis [35]. We choose
T = 6 ps in the integration. where the gating function is set
as the Gaussian function g(t − τ ) = e−[(t−τ )/T ]2

. We checked
that the effect is small if a different value is used for the
time window. Figure 3 shows the time-frequency spectrogram
derived from the time-domain THz spectrum at 12.6 K. The
experimental and theoretical results are as shown in Figs. 3(a)
and 3(b) and Figs. 3(c) and 3(d), respectively (see Supple-
mental Material for details [33]). We notice that the main
peak at 0.5 THz is free of phase or frequency modulation as
shown in Figs. 3(a) and 3(c). If the signal around 1.5 THz
was entirely THG and no other components, it should also be
free of phase or frequency modulation, the same as the main
peak at 0.5 THz. However, a positive chirp, i.e., longer times
corresponding to higher frequencies in THG, is observed, as
shown in Figs. 3(b) and 3(d). It demonstrates that there is
another nonlinear optical response besides THG, that is, the
transient Higgs oscillation. The theoretical and experimental
results are very similar. The frequency of the transient Higgs
oscillation and THG is indicated in Figs. 3(b) and 3(d) by the
dotted black lines (the temperature mismatch in experiment
and theoretical calculation may be due to the too simple model
we adopt to simulate the time evolution). The spectrum can be
divided into two peaks by different delay times τ of g(t − τ ),
shown in Figs. 3(b) and 3(d) by the dashed lines from blue to
red. The global and frequency-domain spectra with different
gating windows are shown in Fig. 3(e) experimentally and
Fig. 3(f) theoretically. The transient Higgs oscillation decays
faster than THG. Since transient Higgs oscillation is observed
in the driving experiment, the results may provide additional
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FIG. 3. Spectrogram traces for frequency-resolved THG by Gabor transformation. The traces are shown as contour plots, with red regions
indicating higher intensity [with (a), (b) experimental results and (c), (d) theoretical results]. Both traces correspond to identical Gaussian
power spectra, but with different spectral phase profiles. FFG, bandwidth limited, as shown in (a), (c); THG, upchirp with cubic spectral phase,
as shown in (b) and (d). (e), (f) The division of the Fourier transform spectrum: From red to blue lines are extracted from the dashed lines in
(b) and (d).

support that the THG signal is contributed dominantly from
the Higgs excitation rather than the charge-density fluctuation.

We now present another striking and interesting observa-
tion in our THz pulse driving measurement. We observed
a weak high-order (fifth-order) nonlinear optics effect when
we placed 0.4-THz bandpass filters before the NbN sample.
Here, a multicycle, narrow-band, 0.4-THz pulse is generated
and employed as the fundamental frequency light. Figure 4(a)
shows the measured time-domain THz transmission electric
field of the NbN film at 6.8 K in the superconducting state.
The Fourier transformed spectrum is shown in Fig. 4(b). We
observed a weak but well-recognizable FHG peak around
2.0 THz in addition to the stronger THG signal at 1.2 THz.
As the temperature rises, the THG and FHG signals further
weaken and totally vanish when the sample goes into a normal
state. We also observed a similar FHG with a driving funda-
mental frequency of 0.3 THz, but much weaker strength (the
result is shown in the Supplemental Material [33]). However,
we cannot resolve such an FHG signal when the driving fun-
damental frequency is 0.5 THz at 6.8 K.

Since the frequencies of FHG for 0.3, 0.4, and 0.5 THz
incoming driving waves are 1.5, 2.0, and 2.5 THz, respec-
tively, the relatively strong FHG signal is likely linked to the
fact that 2.0 THz is closer to the resonant energy of 2�. We
assign FHG to the higher-order coupling A4(ω)H between
Higgs mode H and electromagnetic field A(ω). This coupling
will induce driven oscillations of the Higgs mode at frequency
4ω whose amplitude will be largest when 4ω matches the

intrinsic Higgs mode energy 2�(T ), and it will further pro-
duce a FHG component of current j (5)(5ω) ∝ A(ω)H (4ω).
Our theoretical modeling can indeed reproduce the observed
FHG result. Detailed information is presented in the Supple-
mental Material [33].

To summarize, we observe transient Higgs oscillation
around the THG oscillation and a redshift behavior for this
transient oscillation feature as temperature increases. We

(a) (c)

(d)(b)

FIG. 4. The fifth-harmonic generation in NbN. (a) (b) Strong-
field and 0.4-THz field transmitted through NbN at 6.8 K. (c),
(d) Similar results from theoretical calculations.
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propose a scenario where the quench dynamics is still present
in the driving experiment to explain this feature. We confirm
this assumption by a time-frequency distribution spectrogram.
The temperature-dependence signal decays fast, while the
strict THG signal at 3ω oscillates at a much longer time delay.
We also observe a weak but clearly discernible fifth-harmonic
generation in a thin-film NbN sample, which we assign to the

higher-order coupling between the Higgs mode and electro-
magnetic field.
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