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Using terahertz (THz) pump-THz probe spectroscopy, we have investigated the dynamics of the

nonequilibrium BCS state in a superconducting NbN film after the impulsive photoinjection of high-

density Bogoliubov quasiparticles. The superconducting state rapidly changes within the duration of the

monocycle THz pump pulse (1.6 ps). The complex optical conductivity spectrum in the nonequilibrium

BCS state significantly deviates from that in the equilibrium state. The observed spectral features are

qualitatively well described by the effective medium theory that assumes the formation of normal state

patches embedded in a superconducting matrix.
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The behavior of BCS superconducting states far from
equilibrium has been a great focus of research for a long
time [1,2] from the viewpoint of their fundamental interest
and also their device application. Recently, intensive theo-
retical studies have been devoted to elucidate the fast time
response of the BCS order to nonadiabatic perturbations.
The damped or persistent oscillation of the BCS order
parameter has been predicted in fermionic condensates
after an abrupt change of their pairing interaction [3–5].
A similar temporal oscillation in the order parameter was
also predicted to appear in conventional BCS supercon-
ductors (SCs) under the nonadiabatic excitation regime
[6,7]. While the nonequilibrium BCS SCs have a long
history of investigations, the fast dynamics caused by such
an impulsive excitation in the time scale inverse of the BCS
gap energy (typically 1 ps–1 THz in conventional SCs)
has been unexplored due to the lack of experimental tech-
niques. With recent progress in terahertz (THz) technology,
however, a considerably strong THz pulse with the peak
electric field (E field) as much as 1 MV=cm has been
realized [8–11]. Accordingly, studies of nonlinear light-
matter interactions in the THz range have been accelerated
in various materials, e.g., in semiconductors [12–15], car-
bon nanotubes [16], and Mott insulators [17]. Nonlinear
switching of Josephson plasma coupling in a high-Tc

cuprate superconductor induced by the strong THz E field
has also been reported [18]. In this Letter, we studied the
ultrafast dynamics of the BCS state in a superconducting
NbN film after the impulsive injection of Bogoliubov
quasiparticles (QPs) at the edge of the BCS gap by using
the intense THz pulse.

The mean-field theory of nonequilibrium superconduc-
tivity has shown that the injection of excess numbers of
QPs induces a first-order phase transition from supercon-
ducting to normal metal phase [19]. The effect of external
injection of QPs has been extensively studied by using
superconducting tunnel-junction structures. The phase tran-
sition, the nonthermal energy distribution of QPs [20], and

the formation of multigap states [21] have been revealed
through the I-V characteristics of the tunnel junctions. The
optical pump-probe method has also been performed to
study the dynamics of nonequilibrium BCS states, in which
QPs are injected into both the electronlike and holelike
branches [22–28]. In the case of the near-visible pulse
excitation, however, the hot electrons possessing huge ex-
cess energies emit large amounts of high-frequency phonons
(@! � 2�). Therefore, the increase of the effective phonon
temperature plays a crucial role in the optically excited
nonequilibrium BCS state [29]. In contrast, intense THz
pulses with their photon energy resonant to the BCS gap
can cause the direct excitation of high-density QPs without
heating the phonon subsystem.
Here we studied the ultrafast dynamics of the non-

equilibrium BCS state in NbN induced by the intense THz
pump pulse. We performed THz pump-THz probe spec-
troscopy to directly probe the ultrafast dynamics of the
BCS gap in NbN, 2�ð0Þ ¼ 5:2 meVð¼ 1:3 THzÞ, after
the impulsive QP excitation. By using the intense THz
pulse with the peak E field exceeding 50 kV=cm, the
photoinjection of high-density QPs as much as 1020=cm3

is realized, even though the reflection loss of NbN is
very high in the THz range [30]. We found that, after the
intense THz pulse irradiation, superconductivity is rapidly
switched off within the duration of the monocycle THz
pulse. The spectral feature is reasonably reproduced by
using the Bruggeman effective medium theory assuming
that the system consists of the superconducting phase and
the normal metal phase.
The sample was an epitaxial NbN film with 24-nm

thickness grown on a 500-�m thick (100) MgO substrate
by using the pulsed-laser deposition technique. Figures 1(a)
and 1(b) show the temperature dependence of the complex
optical conductivity �1ð!Þ þ i�2ð!Þ of the film, showing
the BCS gap that opens below Tc ¼ 15:1 K. The solid
curves in Fig. 1 are calculated by the Mattis-Bardeen
model [31,32]. As a light source, we used a regenerative
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amplified Ti:sapphire laser system. The intense THz pump
pulses were generated by the tilted-pulse-front method
[8,9,16,33]. The power spectrum of the THz pump pulse
is located at the BCS gap region of NbN as shown in
Fig. 1(a) so that QPs are resonantly excited. The probe
THz pulse was generated by the optical rectification in a
ZnTe crystal. The pump and probe pulses collinearly enter
the sample with polarizations orthogonal to each other
[Fig. 2(a)]. The transmitted probe THz E field was detected
by the free-space electro-optic sampling in a ZnTe crystal,
while the pump pulse was blocked by a wire-grid polarizer
placed after the sample. The details of the experimental
method are described in the Supplemental Material [30].

By scanning both the delay time of the gate pulse for
the electro-optic sampling of the probe THz pulse, tgate,

and the delay time of the probe to the pump THz pulse, tpp,

we performed the THz pump-THz probe spectroscopy.
Figure 2(b) shows the probe THz E field Eprobe transmitted

through the sample at a temperature of 4 K as functions
of tgate and tpp under the pump THz peak E field of

100 kV=cm. The diagonal dotted line indicates the rem-
nant of the pump pulse. When the pump pulse temporally
precedes the probe pulse, the waveform of the transmitted
probe pulse is drastically changed. Figure 2(c) shows the
waveform of the probe pulse in Fig. 2(b) before and after
the pump pulse. Figure 2(d) shows the change of the probe
E field �Eprobe induced by the pump pulse as functions of

tgate and tpp. The pump-probe signal �Eprobe is observed

only below Tc [30], indicating that the signal reflects the
pump-induced nonequilibrium dynamics of the BCS state.
Figure 2(e) shows the temporal evolution of �1ð!Þ at each
tpp obtained from Fig. 2(b). After the pump, we found a

drastic increase of the optical conductivity below the BCS
gap. The detailed spectral profile is discussed later (Fig. 4).
Figure 2(f) shows the temporal evolution of �1 integrated
from 2 to 5 meV in Fig. 2(e). For a reference, the change of
the probe THz E field �Eprobe is also plotted in Fig. 2(f) at

the fixed gate delay time tgate ¼ 0. Since the evolution of

�1ð!Þ below the gap is in good correspondence with that
of �Eprobe, we discuss the ultrafast dynamics of the non-

equilibrium BCS state by using �Eprobeðtgate ¼ 0Þ.
Figure 3(a) shows the temporal evolution of

�Eprobeðtgate ¼ 0Þ at 4 K with various THz pump inten-

sities as a function of tpp. The pump THz E field is also

shown in Fig. 3(a). �Eprobe rapidly increases right after the

pump THz irradiation. After tpp � 1:6 ps,�Eprobe becomes

constant, indicating that the nonequilibrium BCS state
reaches a quasistable state. Note that the rising time of
1.6 ps corresponds to the single cycle of the pump THz
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FIG. 2 (color online). (a) Schematics of the THz pump-THz
probe spectroscopy. WGP: Awire-grid polarizer. (b) Mapping of
the probe THz E field Eprobe as functions of the gate delay time

tgate and the pump-probe delay time tpp with the pump THz peak

E field of 100 kV=cm at 4 K. The dotted line is a guide to the eye
to indicate the trace of the pump THz pulse. (c) The waveforms
of the probe THz pulse at tpp ¼ �2 and 5 ps in (b). (d) Mapping

of the change of Eprobe induced by the THz pump, �Eprobe.

(e) The temporal evolution of the �1ð!Þ spectra obtained from
(b). (f) The temporal evolution of �Eprobeðtgate ¼ 0Þ and the

integrated �1 from ! ¼ 2 to 5 meV as a function of tpp.
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FIG. 1 (color online). (a),(b) The temperature dependence of
the real- and imaginary-part optical conductivity spectra, respec-
tively. The solid curves show the calculated spectra using the
Mattis-Bardeen model. The shaded curve in (a) is the power
spectrum of the pump THz pulse (right axis).
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FIG. 3 (color online). (a) The temporal evolution of
�Eprobeðtgate ¼ 0Þ at 4 K for various THz pump intensities (left

axis). The black curve shows the waveform of the E field of
the pump THz pulse (right axis). (b) The temporal evolution
of �Eprobeðtgate ¼ 0Þ at 10 K with the pump THz E field of

100 kV=cm. (c) The temporal evolution of �Eprobeðtgate ¼ 0Þ at
4 K in the case of the optical pump using the 800-nm femto-
second pulse.
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pulse. Such a rapid change of the BCS state induced by the
THz pump makes a contrast with the case of the near-
visible optical pump case. Figure 3(c) shows the result of
the optical pump-THz probe spectroscopy using the 800 nm
pump pulse with 25-fs pulse duration. The rising time of
�Eprobe strongly depends on the excitation intensity, vary-

ing from about 20 to 2 ps. This intensity-dependent rise
time has been reported in the optical pump case and attrib-
uted to the thermalization dynamics betweenQPs, phonons,
and Cooper pairs [27]. The optical pump generates hot
electrons, and their excess energies are transferred to the
creation of large amounts of high-frequency phonons,
which in turn cause the pair breaking, resulting in the
suppression of the superconductivity. In contrast, the THz
pump pulse resonantly excites the low-energy QPs without
the process of phonon emission from hot electrons.
Therefore the observed ultrafast change of the BCS state,
nearly independent of the pump THz intensity, is plausibly
attributed to the direct photoinjection of QPs.

The decay time of �Eprobe ranges from several hundreds

of picoseconds to more than 1 ns, depending on the tem-
perature and the pump intensity, as shown in Fig. 3(b).
Under the high-density condition, the lifetime of QPs due
to their bimolecular recombination could be very short
(< 1 ps) [25,27]. However, when two QPs recombine to
a Cooper pair with emitting a high-frequency phonon, the
emitted phonon in turn breaks a Cooper pair and two
QPs are created again [34]. Thus, the recovery dynamics
of the nonequilibrium BCS state is governed by not the
QP recombination rate but rather the loss rate of the high-
frequency phonons, i.e., the anharmonic decay or escape
from the sample. This is referred to as the phonon-
bottleneck effect, to which we attributed the observed long
recovery time in Fig. 3(b). A similar behavior has also been
reported in previous experiments [24–27]. As the pump
THz intensity increases, �Eprobeðtpp > 1:6 psÞ is saturated.
With further increasing the pump THz intensity, the rise of
�Eprobe becomes earlier, indicating that the precursor part

of the pump THz E field before the main peak induces the
change of the BCS state in the strong excitation regime.

Figures 4(a) and 4(b) show the real- and imaginary-part
optical conductivity spectra, respectively, 20 ps after the
THz pump at 4 K. With increasing the pump intensity,
�1ð!Þ below the gap energy significantly increases and far
exceeds the value of the normal metallic state, while�1ð!Þ
at the gap energy of �5 meV remains smaller than that of
the normal state. Such a spectral profile of �1ð!Þ after the
intense THz pulse irradiation is clearly different from that
of the equilibrium states shown in Fig. 1(a). Thus the
nonequilibrium BCS state caused by the high-density QP
injection cannot be accounted for by the increase of the
effective temperature which results in the continuous
reduction of the BCS gap.

To understand the observed spectral behavior, we
consider the spatial instability of the nonequilibrium

superconductivity. It is expected that, when the QP density
exceeds a critical value, the higher-density region with the
smaller gap energy becomes energetically more favorable
for QPs, and the QPs flow into the higher-density region,
resulting in a spatially inhomogeneous suppression of the
superconductivity [35,36], with a length scale of the order
of 1 �m expected for a NbN film [30]. In order to describe
the electromagnetic response in such an inhomogeneous
system, we use the Bruggeman effective medium theory
(EMT) [37]. The EMT describes the effective dielectric
function of composite materials where the size of the minor
constituent is much smaller than the wavelength and has
been applied to describe the SC-metal composites [38] and
mixed states of type-II SCs [39,40]. Here we assume that
the THz-induced nonequilibrium BCS state consists of the
superconducting region and the nonsuperconducting re-
gion, which we call here hot spots. According to the EMT,
the effective complex optical conductivity of the compos-
ite, �effð!Þ, satisfies the following equation:

f
�hð!Þ � �effð!Þ

g�hð!Þ þ ð1� gÞ�effð!Þ þ ð1� fÞ

� �sð!Þ � �effð!Þ
g�sð!Þ þ ð1� gÞ�effð!Þ ¼ 0; (1)

where �hð!Þ and �sð!Þ are the complex optical conduc-
tivities of the hot spot and superconducting state, respec-
tively, f a volume fraction of the hot spots, and g ¼ 1=2 a
depolarization factor determined by the shape of the hot
spots [30]. Figures 4(c) and 4(d) show the calculated real
and imaginary parts of �effð!Þ, where �hð!Þ and �sð!Þ
are calculated by the Mattis-Bardeen model with 16 and
4 K, respectively [31,32], assuming that the hot spots are
regarded as normal metal. While the EMT can be applied
in principle at all ranges of f in the small diameter limit
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FIG. 4 (color online). (a),(b) The real- and imaginary-part
optical conductivity spectra, respectively, at tpp ¼ 20 ps for

various THz excitation intensities at 4 K. For reference, �1ð!Þ
in the normal metal state at 16 K is plotted as a dotted line. (c),
(d) The calculated real- and imaginary-part optical conductivity
spectra, respectively, using Eq. (1). The inset is a schematic
image of the inhomogeneously suppressed superconductivity.
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[41], as increasing the diameter the large filling factor f
around 0.5 would make the EMT invalid, which might
be the origin of the difference in Figs. 4(a) and 4(c).
Nevertheless, the calculated spectra reproduce the experi-
mental results well: (i) the anomalous increase of �1ð!Þ
below the gap energy exceeding the value of the normal
metal phase, (ii) suppression of �2ð!Þ below the gap
energy which corresponds to the superfluid density, and
(iii) the sustaining gap structure around the bare BCS gap
energy. Therefore the BCS gap energy outside the hot
spots is considered to maintain its initial values before
the THz pump. The observed THz pump intensity depen-
dence is accounted for by the increase of the volume
fraction of the hot spots.

The QP condensation due to the intrinsic instability of
the nonequilibrium superconductivity has been discussed
based on the �� model [19], which describes the QP
distribution by a Fermi-Dirac distribution function with
an effective chemical potential �� and ambient tempera-
ture, assuming that the thermalization rate between QPs
and phonons is much faster than the QP recombination
rate. Whereas the intense THz pump generates the non-
equilibrium distribution of QPs in the initial excitation
process, the recombination time of QPs in the high-density
regime is considered to overcome the thermalization time
of QPs within the QPs branches, as discussed in Fig. 3(b) in
terms of the phonon-bottleneck effect. Therefore, in the
present situation, the local temperature of the QP conden-
sation must be higher than the surrounding area. A similar
local heating effect, although the initial process is different,
has been discussed in the near-visible photon (@! � 2�)
absorption experiment, where a large excess energy by
each photon induces the multiple excitation of QPs and
phonons and results in the formation of a nonsuperconduct-
ing region [42–44]. The scale of such a local heating area is
related to ‘‘thermal healing length,’’ which is about several
tens of nanometers [42–44]. Therefore, we consider that
the spatial scale of the nonsuperconducting region is much
smaller than the wavelength of the probe THz pulse of
�300 �m and larger than the film thickness of 24 nm,
even if the local heating of the nonsuperconducting area is
taken into account.

Now we address the initial temporal behavior accom-
panied by an overshoot in �Eprobe in the weak excitation

regime in Fig. 3(a). This transient peaklike signal of
�Eprobe rapidly decays within 0.1–1 ps to the long-lasting

quasistable value. As the pump intensity increases, the
transient peaklike signal disappears. There are two pos-
sible scenarios as the origin of the peaklike signal: (i) The
transient peak is associated with the process of the spatial
condensation of QPs. However, as the pump intensity
increases, the decay time of the transient peak becomes
longer. This seems to be opposite to the interpretation of
the spatial inhomogeneity, because the stronger excitation
would induce more rapid condensation. (ii) The transient

signal is related to the order parameter oscillation [6,7].
Since our results indicate that the spatial instability
rapidly occurs in the strong THz excitation regime, the
oscillation is expected to be limited only in the weak
excitation regime. The damping of the predicted oscillation

is proportional to 1=
ffiffiffiffiffiffiffiffiffi

�1t
p

[4], where �1 is a constant
value to which the order parameter asymptotes in the
nonequilibrium BCS state. The stronger excitation would
make �1 smaller, resulting in the long-surviving oscilla-
tion. The oscillatory structure of the order parameter is not
observed in the present experiment, which suggests that the
fast oscillation might be smeared out in the THz probe
spectra as pointed out in Ref. [6]. Further experiments with
a shorter THz pulse compared to the gap frequency, with its
photon energy tuned near above the gap energy avoiding
the injection of excess energy to the system, would resolve
the origin of the initial overshoot signal.
In summary, we have investigated the ultrafast dynamics

of the nonequilibrium BCS state induced by the intense
THz pulse in superconducting NbN film. The complex
optical conductivity spectra in the BCS gap region are
qualitatively well reproduced by the effective medium
theory that assumes the formation of normal state patches
embedded in a superconducting matrix, which suggests
an ultrafast suppression of superconductivity associated
with the spatial condensation of QPs excited by the intense
THz pulse. The THz pump-THz probe spectroscopy will
be a promising tool to further explore the possibility of
coherent control and/or phase transition in quantum phases
with spontaneous symmetry breaking. The technique will
also offer an understanding of the ultrafast response of
superconductors to the THz photon and the dynamics of
a hot spot which are crucial for device applications such as
ultrasensitive THz photon detectors.
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