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Observations of radiation-enhanced superconductivity have thus far been limited to a few type-I
superconductors (Al, Sn) excited at frequencies between the inelastic scattering rate and the super-
conducting gap frequency 2A/h. Utilizing intense, narrow-band, picosecond, terahertz pulses, tuned to
just below and above 2A /1 of a BCS superconductor NbN, we demonstrate that the superconducting gap
can be transiently increased also in a type-II dirty-limit superconductor. The effect is particularly
pronounced at higher temperatures and is attributed to radiation induced nonthermal electron distribution

persisting on a 100 ps time scale.
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Nonequilibrium superconductivity has been an intrigu-
ing phenomenon in modern solid state physics since the
1960s [1]. The first nonequilibrium effects were observed
following injection of quasiparticles through tunnel bar-
riers, or by (quasi)continuous microwave, phonon, or
laser irradiation [1,2]. One fascinating observation was
the enhancement of the superconducting (SC) gap in Al
and Sn under illumination with electromagnetic radiation
at subgap frequencies [3]. Subsequent theoretical work
identified two mechanisms for the superconducting gap
enhancement, quasiparticle (QP) redistribution [4] and
enhanced recombination of excited QPs [5]. With subgap
excitation, the total QP number is conserved while the
low-energy QPs are excited to higher energies. Since low-
energy QPs interfere with Cooper pairs more effectively
than the high energy ones, the SC gap (and condensate
density) can thus be enhanced [4]. Moreover, as the rate
of QP recombination into Cooper pairs increases with
excess QP energy [5,6], subgap pumping can even
decrease the total number of QPs, further amplifying
superconductivity [5,6].

With the advent of femtosecond laser technology and
novel real-time techniques, time-dependent studies of
nonequilibrium phenomena on elementary time scales
have become available. The discovery of high-7, super-
conductivity in cuprates and pnictides has given a further
boost to the field of nonequilibrium SC. Past time-
resolved studies explored the dynamics of the SC state
[7-12], the interplay between the SC gap and
the pseudogap [7,10], the SC-normal phase transition
[13-15], and the modulation of the order parameter
[16-20].
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In this Letter, we study the dynamics of a BCS super-
conductor following excitation with intense, narrow-band,
picosecond, terahertz (THz) pulses. As opposed to excita-
tion with near-infrared (NIR) pulses at 1.55 eV, where
carriers are excited from deep below to far above the
Fermi level (E/), and the SC state is perturbed only when
QPs reach states near the SC gap through a rapid QP-QP
and QP-phonon relaxation [9,11,15], THz pumping ena-
bles direct excitation of the particles relevant to SC, that is
those within the Debye energy of E;. We have studied the
temperature and excitation density dependence of THz
transmission dynamics in a NbN thin film following exci-
tation with intense narrowband (< 3% bandwidth) THz
pulses. We demonstrate transient amplification of super-
conductivity, which is particularly pronounced at tempera-
tures close to T,.. The results imply that narrow-band
pumping generates a long-lived (~ 100 ps), highly non-
thermal QP distribution resulting in amplification of SC
that would be washed out under continuous excitation.
Importantly, the enhancement effects are observed even
in the case of above gap excitation, where QP excitation
competes with standard Cooper pair breaking.

The sample used in this investigation was a 15 nm-thick
NbN film (7, = 15.4 K), deposited on a 1 mm thick MgO
substrate [21]. It was thoroughly characterized using linear
THz spectroscopy [9]. Time-resolved studies of dynamics
following THz pumping were performed at the free elec-
tron laser (FEL) facility at the Helmholtz-Zentrum
Dresden-Rossendorf, which provided intense narrow-
band (spectral width =~ 30 GHz, pulse length 7pg =
18 ps) THz pulses at a repetition rate of 13 MHz.
Experiments were carried out in a standard single color
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pump-probe configuration (see the Supplemental Material
[22]) at frequencies slightly above (v~ = 2.08 THz) and
slightly below (v = 1.26 THz) the low-temperature gap
frequency 2A/h = 1.5 THz [9]. The THz beam was split
into an intense pump and a weak probe beam, and the time
delay between the two (t;) was controlled by a mechanical
delay stage. The transmission (Tr) and the photoinduced
changes in transmission (0Tr) were measured using a
liquid helium-cooled bolometer and a lock-in amplifier
while modulating at 233 Hz (see the Supplemental
Material [22]). We characterized the temporal character-
istics of THz pulses using intensity autocorrelation, while
the beam profiles were recorded with a pyroelectric camera
(see the Supplemental Material [22]).

Figure 1(a) presents the measured 7" dependence of Tr
through NbN-on-MgO using narrow-band pulses. The data
are well reproduced by transfer matrix calculation [23]
(dashed lines) using the complex THz conductivity o(w)
of NbN measured with single-cycle pulses [9] and mea-
sured THz pulse characteristics (see the Supplemental
Material [22]). Despite the excellent agreement, the ab-
sorbed energy density (A) is known only to within 40%
absolute accuracy [24]; this variation is due to the combi-
nation of uncertainties in the substrate thickness (etalon
phenomena), spot diameter, and THz wavelength. The high
repetition rate of the FEL source leads to observable
continuous heating, increasing the film temperature (7')
beyond that of the cold finger (7)) (see the Supplemental
Material [22]). The continuous heating has been experi-
mentally determined and taken into account (see the
Supplemental Material [22]); the temperature (7)) always
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FIG. 1 (color online). (a) Transmission intensity Tr as a func-
tion of T, as measured at 1.26 THz (circles) and 2.08 THz
(diamonds), respectively. Dotted lines are the calculated values
obtained by transfer matrix method. Inset to (a) presents the
expected 8Tr/Tr for the data recorded at ~10 K and v =
1.26 THz, whereby the gap is reduced on the resolution limited
time scale (solid line) and recovers on the 100 ps time scale
(dashed)—see also the corresponding arrows in the main panel.
(b) T dependence of Tr from the broadband measurements, with
the extracted T dependence of the SC gap shown in the inset.

refers to the effective film temperature, slightly higher
than 7.

Before discussing results obtained by THz pumping, let
us review the recent systematic NIR pumping study on
NbN [9]. It was demonstrated that following excitation
with a femtosecond near-infrared pulse, the time evolution
of the SC gap A(z;) in NbN can be directly measured by
recording the time evolution of o(w) [9]. It was shown that
a few picoseconds after excitation, o(w) can be described
by an effective gap A* corresponding to an effective tem-
perature T* such that A* = A(T™). This is in accordance
with the so-called T* model for a nonequilibrium SC
[25,26] in which the populations of QPs, Cooper pairs,
and high-energy (iw > 2A) phonons are in quasiequili-
brium at an elevated 7" with respect to the (ambient)
temperature of the low-energy (hw <2A) phonons
[27,28].

Figure 2 summarizes the results obtained by THz pump-
ing at v~ = 2.08 THz. Figure 2(a) shows traces of the
relative transmission change, 8Tr(z,), for several absorbed
energy densities (A) at Ty = 4.3 K. Here A was determined
from the measured incoming THz pulse energy and o(w)
[9]. Following a rapid decrease in Tr on a resolution limited
(= 30 ps) time scale the SC state recovery proceeds on the
100 ps time scale in agreement with NIR pumping experi-
ments [9]. To determine the absorbed energy density
required to deplete SC (Agep) the maximum changes in
transmission are converted into corresponding changes in
A. Here the T* model is assumed to be valid, so that at
t; = 30 ps the SC can be described by A* = A(T™). Using
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FIG. 2 (color online). (a) Dynamics of the transmission change
O0Tr (normalized to Try3x — Trigx) when pumping with
2.08 THz pulses of different absorbed energy density A (in
mJ/cm?). The shaded region presents the pump-probe intensity
autocorrelation. (b) The maximum gap reduction §A/A as a
function of A for different temperatures. Solid lines are simple
saturation fits (see text). (c) The extracted SC depletion energy
density Agep as a function of 7', measured with NIR (1.55 eV) [9]
and THz (2.08 THz) pumping. The dashed line represents
Econd(T) o AZ(T)~
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A(T) [9] the fractional change of the SC gap is obtained via
SA/A =1—A%/A.

Figure 2(b) shows 8A/A(A) recorded at several tem-
peratures and a fit to a simple saturation model, §A/A =
1 — exp(—A/Agep)- In Figure 2(c) the extracted depletion
energy densities, Agp, are compared to the ones obtained
by NIR pumping [9]. There, Ay, was found to be compa-
rable to the SC condensation energy E.,,q = 22 mJ/cm?
[29], and to follow its expected T dependence: E_y,q(T) =
N(0)A*(T)/2. When pumping with THz, Ag,(4 K) is
about a factor of two larger ( = 50 mJ/cm?). The discrep-
ancy could be related to the absolute uncertainty in A [24].
However, in contrast to the expected reduction of Ay, at
higher temperatures, with THz pumping Ag.,(7') dramati-
cally increases with temperature [24]. This observation
implies the presence of a process that competes with
Cooper pair breaking at higher temperatures. In past
continuous-pumping experiments [3], the gap (and critical
current) enhancement were similarly peaked near T..
This was attributed to radiation induced QP redistribution
(shuffling of thermally excited QPs to higher energies)
[4,5], the process that becomes relevant only when
the density of thermally excited QPs, ny(T)= N(0) X
V27 AkpT exp(—A/T), becomes appreciable. Thus, while
at 4 K nearly all of the absorbed energy for » >2A/h
results in pair-breaking, near 7. excitation of thermal QPs
becomes increasingly important [for NbN ny(10 K) =
1000 X ny(4 K)]. We argue that it is the resulting non-
thermal QP distribution that gives rise to SC amplification.
For above-gap pumping the resulting SC enhancement
competes with the pair-breaking process, the manifestation
of which is an increase in Ay, at higher temperatures.

Since NbN’s 2A /h varies from 1.5 THz at 4 K to zero at
T., the choice of v. = 1.26 THz allows for pumping
below, resonant with, and above 2A simply by varying
temperature. Figure 3 presents transients of transmission
changes at . = 1.26 THz recorded at various tempera-
tures. The incoming excitation fluence was kept constant at
its maximum value (pump pulse energy before the cryostat
was =~ 8 nJ) with maximum electric field strengths (E,,.x)
in NbN of = 300 V/cm. As elaborated below, three differ-
ent excitation mechanisms can be realized, the dominant
one depending on the initial temperature and Av/2A ratio.

For T < 10 K direct pair breaking by absorption cannot
take place as v < 2A/h. Moreover, ny is rather low; thus,
the effect of exciting thermally excited QPs is correspond-
ingly small. The measured 8Tr(z;) traces are consistent
with a resolution limited reduction of the gap, followed by
recovery on the 100 ps time scale. We attribute this (small)
gap reduction to the dynamic pair breaking caused by the
acceleration of the SC condensate in an intense oscillating
electric field [30]. As opposed to excitation of SC with low-
frequency intense electric fields [30,31], no elaborate the-
ory exists for the case of pumping with frequency
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FIG. 3 (color online). Dynamics of the relative transmission
change 8Tr/Tr at v = 1.26 THz recorded at several tempera-
tures. The shaded region presents the pump-probe intensity
autocorrelation. For each temperature the maximum relative
change in the gap SA/A is calculated from the measured
8Tr/Tr assuming the T* model. The dotted (blue) lines and
dashed (red) lines show the predicted 8Tr/Tr(z;) based on the T*
model (see text).

comparable to the inverse pairing time, T;a}r = A/h.
With the NbN carrier density n = 1 X 10?* cm™ and the
Fermi velocity vy = 1.5 X 10° m/s [32], the maximum
super-current density (j.x = ne’Eq./m®) can be con-
trasted to the depairing current density j, = neA/mv,
[33]. With E_,, =300 V/cm we obtain j. =
1 X 10" A/m?, which is comparable to j,; =6 X
102 A/m?. Thus, the dynamic pair breaking should give
rise to a measurable suppression of SC [30] as experimen-
tally observed. The dashed red lines in Fig. 3 are the
T*-model simulations with the resolution limited pair-
breaking time and the (7-dependent) SC recovery time;
the latter was taken from the NIR pumping experiments
[9]. Since for hv_ < 2A no direct pair breaking can take
place and no gap reduction due to absorption is expected,
S8A/A(t;) was scaled to match the data.

For T > 10 K direct pair breaking is possible since 2A
falls below hv_.. Here, A can be determined from o(w),
and the measured transients can be directly compared to
the T*-model simulation (for T > 10 K the SC recovery
time is = 100 ps and T independent [9]). Comparison of
simulation (dotted blue lines, no scaling required) with
experimental data shows a good agreement (apart from
the early time dynamics to be elaborated below).
Noteworthy, a similar trend is observed as in the case of
pumping with v~ , where for higher temperatures the mea-
sured SA/A is smaller than the simulated one. This can be
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consistently attributed to THz excitation of thermal QPs,
whose density is high for 7 > 10 K.

By far the most dramatic is, however, the behavior in the
vicinity of 10 K, where Av. < 2A while ny is already
substantial. Because of the nonmonotonic 7 dependence of
transmission for v (see Fig. 1) 6Tr is expected to exhibit a
nontrivial dynamics in this temperature range—see inset to
Fig. 1(a). However, for time delays less than = 50 ps the
measured traces cannot be reproduced by T*-model simu-
lations if THz-pump induced gap reduction (followed by
its recovery) is assumed. In fact, for short time delays
(t; = 50 ps) &6Tr systematically shows the opposite sign
to the one predicted. This observation can be attributed to a
transient increase of the superconducting gap, whereby the
transmission maximum (whose position roughly coincides
with 2A/h) shifts to a higher frequency. The effect is
peaked around 10 K, where ny is high and hv < 2A, but
its signatures are seen in all of the traces recorded with
1.26 THz pumping.

Within the Eliashberg scenario [2,4-6] the SC gap is
enhanced due to the radiation induced changes in the
electronic distribution function. In the BCS superconduc-
tor the SC gap magnitude and 7, are obtained by solving
the self-consistent BCS gap equation [1,4,6]

ho, A
A=g ) de\/ﬁ[l —2f(e)],

which is governed by the electron-phonon coupling
strength (g), cutoff frequency (hw,.) and the electronic
distribution function f(e). Under subgap excitation the
number of QP is conserved, yet the QP distribution is
transiently modified such that the center of gravity of the
distribution function is shifted to energies away from the
gap edge. The resulting decrease in the density of the low-
lying QPs, which strongly interfere with the condensate,
thus leads to an increase of the gap (and the condensate
density) [2,4-6]. Naturally, this description is valid only
once f(€) is well defined. Since any coherent dynamics are
expected only on the time scale of the inverse gap fre-
quency (= 1 ps) [19], we can safely assume the condition
to be met in our case and treat the Eliashberg gap enhance-
ment to be quasi-instantaneous.

In addition, enhanced recombination rate of high energy
QP can further boost the gap enhancement by transiently
reducing the number of QPs [5]. While QP-QP scattering
and QP-phonon scattering processes lead to thermalization
of QP distribution they conserve the number of QPs. On the
other hand, the pair-wise recombination of QPs by phonon
emission and pair breaking by hw > 2A phonon reabsorp-
tion do change the QP density. All of the above scattering
processes, as well as the phonon escape responsible for
recovery [5,6,27,28,34], take place also in thermal equilib-
rium and their rates are energy dependent [34]. Since the
pair recombination is the fastest of these processes [34],
and its rate increases with increasing QP energy due to the

larger available phase space (at low QP energies approxi-
mately « w?) [5], this can lead to a transient decrease of
the QP density. This way the gap can be further increased
during the initial stage of the relaxation process [5]. The
QP recombination time can be estimated by 7; = 1/(Rny)
[27,28], where R is the bare QP recombination rate.
With (average) R determined by NIR pumping
experiments of 160 = 20 ps~! unit cell [9] and (10 K) =~
2 X 10™* unitcell”! we obtain the upper boundary for
7 = 30 ps. It follows that this process can be important
in NbN, further boosting the gap enhancement.

Gap enhancement has not yet been observed in materials
with short electron mean free paths such as NbN. In past
experiments with continuous excitation, the absence of gap
enhancement was attributed to enhanced QP thermaliza-
tion [35] due to weak localization [36]. In our experiments,
clear signatures of gap enhancement are observed on the
50 ps time scale, the time scale to be compared with the
QP-phonon and QP-QP scattering times. The QP-phonon
relaxation in a SC is suppressed due to the corresponding
coherence factors and is on the order of 100 ps [34].
For QP-QP scattering, Landau-Fermi liquid theory [37]
provides an upper bound, as the scattering rate should
be increased in impure metals [36]. With 7,!, =
(m\/3/128)w [(E — E;)/E[F, taking the plasma fre-
quency w, =2-3¢eV [9,38] and Fermi energy E; =~
3 eV [38] 7., is approximately 300 ps. From these esti-
mates it is reasonable to conclude that the nonthermal QP
distribution, a foundation for gap enhancement, persists
over 100 ps time scale for narrow-band THz pumping.

In order to quantify the gap enhancement, experiments
with narrow-band pumping and broadband THz probing
are required, together with supporting theoretical simula-
tions of o(w). From the observed dramatic increase in the
SC depletion energy density (Agp) at high temperatures,
we conclude that the gap increase up to a factor of = 2 can
be achieved. Ideally, the pump frequency should be below
1 THz (the lowest frequency at the FEL facility is
1.26 THz). This would enable subgap pumping for tem-
peratures closer to 7., where ny is large.

To summarize, the effect of resonant pumping of the
BCS superconductor NbN is explored using intense
narrow-band THz pulses. For high electric fields, the SC
state can be suppressed by dynamic pair breaking [30] even
when pumping at a frequency less than 2A/h. Upon
approaching 7, the density of thermally excited QPs
becomes substantial. Excitation of thermal QPs to higher
energies is shown to give rise to a transient gap (and
condensate density) increase for subgap pumping. The
enhancement effects are present also in the case of
above-gap pumping, demonstrated by a dramatic increase
in the superconducting state depletion energy at high tem-
peratures. As opposed to past continuous pumping experi-
ments [3], excitation with intense, picosecond THz
pulses produces strong enhancement effects even in short
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mean-free-path superconductors such as NbN and for
pumping frequencies exceeding 2A/h.
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