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Light-induced enhancement of superconductivity in
iron-based superconductor FeSegsTeg s
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Illumination of light on matter normally causes heating and destroys the ordered ground
states. Despite this common understanding, recent advances in ultrafast light sources have
enabled the non-thermal control of quantum phases. Here, we report the light-induced
enhancement of superconductivity in a thin film of an iron chalcogenide FeSeqs5Teq s, which
exhibits multiple quantum condensates associated with the multi-orbital character. Upon the
photoexcitation, we observed a transient increase of the superfluid density as indicated by
the optical conductivity in the frequency range of superconducting gaps. The light-induced
enhancement of superconductivity is further corroborated by the photoinduced enhancement
of terahertz third harmonic generation, which is accounted for by the Higgs mode response.
The ultrafast dynamics of two superfluid components revealed by frequency- and time-
resolved terahertz measurements indicate the interplay between the condensates through
the interband Cooper pairings while suggesting the potential tunability of the pairing inter-
action by light in the ultrafast timescale.
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opened a new paradigm of research of high critical tem-

perature superconductorsl’z. One common nature of
FeSCs is that all the five Fe’s 3d orbitals participate in the Fermi
surfaces, constituting multiple Fermi pockets, typically those of
hole bands around the zone center (I' point) and electron bands
around the zone edge (M point) in momentum space. The elec-
tronic nematicity and interband Cooper pairings arising from the
multiband character are considered as crucial ingredients for the
understanding of the emergent superconductivity. Among the
variety of FeSCs discovered to date, much attention has been
focused on FeSe and its related compounds in recent years>%,
One intriguing aspect of this material is the high tunability of the
superconducting critical temperature (T.): T. ~ 9 K of FeSe under
ambient pressure is boosted to about 38 K under high pressure of
6 GPa>. T, of > 30K is also archived by electron doping via
intercalation or ionic-liquid gating®-?. Strikingly, T, reaches even
65 K in a monolayer FeSe grown on SrTiOj; substrate as estimated
from the gap closing temperature in angle-resolved photoemis-
sion spectroscopy (ARPES)!10-12. The isovalently substituted
compounds, FeSe, ,Te, and FeSe, ,S,, have also been studied
intensively to elucidate the interplay between the super-
conductivity and the electronic nematicity!3-1. The Fermi
energies for both electron and hole bands are shown to be
exceptionally small and comparable to the superconducting gaps,
and notably, a clear correlation between T, and the Fermi surface
topology has been revealed from the ARPES study with tuning
the chemical potential by the surface dosing!”. Different from
these static tunings, one can consider the dynamical tuning by
strong photoexcitation as an alternative route to control the
superconductivity and other competing or coexisting orders.
Indeed, recent ultrafast laser spectroscopic measurements have
shown the transient appearance of a spin density wave phase!$
and the photoinduced melting of the nematic order!®-21,
Recently, a gap opening around the Fermi level was indicated in
the time-resolved ARPES measurement under strong photo-
excitation above T. and interpreted as light-induced
superconductivity?2, providing a new aspect of photoinduced
superconducting phenomena so far reported in cuprate
superconductors®3-2> and organic conductors?0-28. To prove the
superconductivity, however, it is inevitable to confirm further
fingerprints of superconductivity such as the Meissner effect, zero
resistivity, and collective modes associated with the super-
conducting order parameter.

In the present work, we studied the effect of photoexcitation in
thin films of FeSeysTeqs that does not show the nematic order!4
by utilizing optical pump-terahertz (THz) probe spectroscopy.
When the sample is excited by near-infrared (NIR) pulse below
T,, a transient increase of the superfluid density was observed
after the photoexcitation as indicated by the 1/w-like divergent
behavior in the imaginary part of the optical conductivity. The
enhancement of the superconducting order parameter is further
corroborated by the THz-third-harmonic generation (THG) sig-
nal, which is accounted for by the Higgs mode response.

The discovery of iron-based superconductors (FeSCs) has

Results

Optical responses in equilibrium. The band structure of
FeSesTey s, consisting of the hole bands at the I' point and the
electron bands at the M point?>30, is schematically shown in
Fig. la. The tetragonal crystal structure of FeSeysTeqs is also
sketched in Fig. 1b. The thin film sample of FeSe, 5Te s, oriented
along the c-axis, was epitaxially grown on a CaF, substrate by
pulsed laser deposition method using a KrF laser. Figure 1c, d
show the real and imaginary part of the complex optical con-
ductivity spectrum, o(w) = o, + io,, respectively, at various

temperatures obtained by time-domain THz spectroscopy. Below
T. = 16 K defined by the zero resistivity (Fig. le), a missing of the
spectral weight is observed in the real-part optical conductivity
(01) in the range of 1-10 meV, indicating the opening of the
superconducting gap with the gap size of ~ 10 meV. A downturn
below 4meV in o; is also discerned at 4.3 K, suggesting the
presence of a smaller superconducting gap. Namely, the two
superconducting gaps in our FeSey sTe, 5 sample are estimated as
2Ap ~10 meV and 2Ag <4 meV, respectively. These values rea-
sonably agree with the literature values of 2A; =7-11 meV
and 2Ag=2-5meV, evaluated from ARPES?®, infrared
spectroscopy>132, and scanning tunneling spectroscopy3334.
According to the ARPES study, the large gap (2A,) is attributed to
that of the electron bands around the M point and the small gap
(2As) to the hole bands around the T point?°. This assignment is
also consistent with our analysis of the optical conductivity above
T, based on the two-component Drude model representing the
hole and the electron bands (details are described in Supple-
mentary Note 1), which suggests that the spectral weight around
10 meV is dominated by the electrons at the M point. The
development of superconductivity below T. is also indicated by
the divergent behavior toward the zero-frequency limit in the o,
spectrum (Fig. 1d). To discriminate the contribution from the
Drude components of the normal state carriers, we fit the data in
the low-frequency range of hw =1-2meV with the two-fluid
model, 0,(w) = wiw/(w +y*) +ny/w, where ¢ is the
vacuum permittivity, w, is the plasma frequency, y is the damping
rate, and #; is the superfluid density, respectively, The extracted
temperature dependence of #,, which includes the contribution
from both the hole and electron bands, ie., n, =n.s+n;, is
shown in Fig. 1f.

Transient optical conductivity. Next, we measured the transient
optical conductivity under the photoexcitation by utilizing optical
pump and THz probe spectroscopy (Fig. 2a). As a pump source,
we used the output of a regenerative amplifier system with the
center photon energy of 1.55 eV, the pulse width of 90 fs, and the
repetition rate of 1 kHz. Further details of THz spectroscopy are
described in the “Methods” section. The temporal evolution of
the real and imaginary part of the photoinduced conductivity
change, Ad(w;t,,) = o(w;t,,) — 0°Yw), measured at 4.3 K are
shown in Fig. 2b, ¢, respectively, as a function of pump-probe
delay time, f,,. Remarkably, Ao,(w; £,,) exhibits an enhancement
from the equilibrium value right after the photoexcitation parti-
cularly in the low-frequency region at hw< 2meV. This
enhancement of 0, suggesting the enhancement of the superfluid
density associated with the hole bands, is highlighted in the
complex conductivity spectrum o(w;f,,) taken at f,,=1.4ps
(Fig. 2d) and the corresponding photoinduced conductivity
change in the imaginary part Ao, («; f,,) (Fig. 2e). Concomitantly,
01 increases particularly in the low-energy region in the same
temporal region (Fig. 2b, d). This increase of o; cannot be
attributed to photoinjected carriers because ¢; remains almost
unaffected under the photoexcitation at T> T, (represented in
Supplementary Fig. 2a) and the spectral weight increase due to
the photoinjected carriers is negligible. Then, one may consider
the superconducting quasiparticles caused by the photoexcitation,
which should give a Drude-like spectrum at hw < 2A. However,
this interpretation contradicts with the enhancement of the
superfluid density as indicated by the 1/w-like signal in Aog,.
Accordingly, by taking into account the concomitant increase of
the THG signal that will be discussed in the next section, we
propose speculative scenarios that the observed low-energy
behavior of o, reflects the character of the nonequilibrium
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Fig. 1 Temperature dependence of optical conductivity and resistivity of a thin film of FeSegsTegs. a Schematic illustration of the band structure of
FeSegsTeq s, consisting of the hole bands at around the zone center (I point) and the electron bands at around the zone corner (M point)39. The iron dy,
and dy, orbital characters are shown by red and the d,, orbital is shown by blue. A schematic of the Fermi surface is also drawn at the top. b Schematic
illustration of the crystal structure of FeSeqsTeqs. The crystal axes are indicated by the black arrows. The thin film sample of FeSeqsTeg s, oriented along
the c-axis, was epitaxially grown on a CaF; substrate. ¢, d Optical conductivity spectra, 6(w) = o1(w) + io,(w), with the terahertz photon energy, hw, at the
indicated temperatures (c: real part; and d: imaginary part). The superconducting transition temperature (T.) is 16 K. @ DC resistivity as a function of the

temperature. Inset shows magnified data around T, defined by the zero resistivity. f Temperature dependence of the superfluid density, n
the low-energy region of g,(w) (hw <2 meV). The dashed line is a guide to the eye. The definition of n

light-enhanced superconducting state. One possible reason may
be attributed to the finite lifetime effect of the enhanced super-
conductivity. In this respect, it has been theoretically shown that
the zero-frequency delta-function peak in oy, which corresponds
to the superfluid response, broadens and exhibits a narrow
Drude-like spectral profile when the enhancement of the super-
conducting order parameter is limited in a short period®.
Another intriguing possibility is the recent theoretical proposal
where an enhanced peak structure around the gap edge is pre-
dicted to emerge in the optical conductivity for a clean multiband
superconductor possessing a spin-orbit interaction, as repre-
sented by FeSe3°, which may also apply to the present case of
FeSegsTeps. To elucidate whether such pictures apply to the
present case of the photoinduced state, the observation of the
optical conductivity spectra in the very low-energy range below
~ 1 meV is needed, which remains a future subject.

Figure 2b, c also show Ao (hw,p = 9.5meV;t,) and
Aoy (hwpgpe = 1.0meV; 1) in their right panels, respectively.
One can see that Ao, in the low-energy region increases with the
rise time of 1.5 ps, and then, within 10 ps, evolves into a quasi-
thermal state that lasts over 100 ps. The observed rise time
reasonably agrees with the anticipated initial formation dynamics
of superconductivity that is determined by the inverse of the
superconducting gap energy, as theoretically discussed in a
quantum quench problem in the Bardeen-Cooper-Schrieffer
(BCS) mean-field framework®” and more rigorously in the
framework of the Migdal-Eliashberg approximation taking into
account the electron-phonon coupling38. After the initial
enhancement of Ao, the complex optical conductivity becomes
almost equivalent to the equilibrium optical conductivity

eff

<, extracted from

eff

<! is given in the text.

measured at 14 K within #,, =10 ps as shown in Fig. 2f. This
slow dynamics is consistent with the time-resolved optical
reflectivity measurement!® and the ultrafast electron diffraction
measurement?? and attributed to the thermalization process
between the electron and lattice systems. It is worth noting that o;
in the high-energy region remains intact in the initial 2 ps and
subsequently approaches the normal state values, indicating that
the superconductivity associated with the electron bands remains
almost unchanged in the initial temporal region. We will discuss
this reason later in detail.

THG from superconducting phase of FeSepsTeys. To further
corroborate the light-induced enhancement of superconductivity,
we performed the THz-THG experiment. Recently, the Higgs
mode, i.e., the amplitude oscillation of the superconducting order
parameter, was observed through the THz pump and THz probe
experiment in an s-wave superconductor NbN3%, and subse-
quently THz-THG mediated by the Higgs mode was
demonstrated“? (for a recent review, see ref. 41). The experimental
scheme has been extended to d-wave cuprate
superconductors?243 and multiband superconductors?44>, Here
we investigated THz-THG in FeSeq 5Tey 5 to extract the dynamics
of the superconducting order parameter upon the photoexcita-
tion. To measure the THz-THG signal from FeSeqsTeys, a
multicycle THz wave with the center photon energy of hw =2
meV (0.5 THz in frequency) is focused onto the sample and the
waveform of the transmitted THz pulse, E.(f), is recorded as
illustrated in Fig. 3a (also see “Methods”). Figure 3b shows E,(t)
above and below T. measured without photoexcitation, and the
corresponding power spectra are plotted in the inset. Third
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Fig. 2 Transient optical conductivity of photoexcited FeSeo sTeg s below T.. a Schematic illustration of the optical pump-terahertz (THz) probe

experiment. A near-infrared pump pulse is shown by red. b, ¢ Time evolution of the pump-induced conductivity change, A&(w; tpp) = &(w; tpp) — 0%(w) (b:
real part; and c: imaginary part), where w is the angular frequency of the THz probe pulse and t,, is the pump-probe delay time. Vertical dashed lines show
the probe photon energies of b w,,,p, = 9.5 meV and € 1.0 meV, at which A5(mebe§ tpp) are shown as functions of t,, in their right panels. Black arrows
denote (i) t,, = 1.4 ps and (ii) 10 ps, which correspond to d-f, respectively. Time origin (t,, = O ps), indicated by a black horizontal dotted line, is defined by
the pump arrival time to the sample. The pump fluence was 2.6 wJ cm~2. d Transient optical conductivities, E(w; tpp), at t,, = 1.4 ps (red: real part; and blue:
imaginary part) and e the corresponding imaginary part of the differential optical conductivity, Ac,(w). f &(w; tpp) at t,, =10 ps (red: real part; and blue:

imaginary part). 6°(w) at 14 K are also shown by dashed lines.

harmonic (TH) signal is clearly identified both in the time-
domain waveform and the power spectrum below T.. To discuss
the temperature dependence of the THG efficiency, we evaluated
the squared magnitude of the THG susceptibility,

| X(S)‘Zz Iy/ (IF)S, for each temperature, where Ity and Iy are
intensities of the observed TH (3w) and fundamental (w) signals,
respectively (see Supplementary Note 3 for details of the analysis).
As shown in Fig. 3c, ‘ ¥ |2 sharply increases below T, indicating
a clear correlation between the TH intensity and the super-
conductivity. In the case of multiband superconductors, multiple
Higgs mode resonances are expected to occur at 2hw = 2A,(T) in
the THG susceptibility with the band index 4%, while the relative
magnitude of the resonant peak depends on various parameters
such as the impurity scattering rate and the gap energy?’->1. In
the present case, the resonance peak expected for the large gap at
2hw = 2A((T) is absent (Fig. 3c) and seemingly only the small
gap 2A4(T) contributes to the THG signal. This tendency is
consistent with the recent theoretical calculation®, though fur-
ther detailed study taking into account the smallness of the Fermi
energy and the effect of the strong electron correlation is needed,
which remains a future issue. By neglecting the contribution from
the large gap to the THG signal, we fit the temperature depen-
dence of the THG susceptibility with that expected for the Higgs

mode in single-band s-wave superconductors2,
AY(T)
[2A(T) — 2ho + iy|’

KO o M
where we adapt Ag(T) for A(T) and y is the phenomenological
mode damping rate. Here we assume that the temperature
dependence of the two superconducting gap energies is described
by the coupled BCS gap equations with scaling T, (see Supple-
mentary Note 4)°3>4. As presented in Fig. 3c, the fitting with
Eq. (1) shows a good agreement with the experimental result and
provides the value of 2A(0) = 2.4 meV, which is consistent with
the measured spectral profile of the optical conductivity (Fig. 1c)
and other measurements?®31-34, The simultaneously obtained
large gap energy, 2A;(0) = 8.0 meV, provides a considerably large
value of the ratio 2A; /kp T, ~ 5.8, exceeding the weak-coupling
limit of 3.53, in accordance with previous Andreev
spectroscopy®>>° and the magnetic penetration depth measure-
ment by muon spin rotation technique®’. One may also consider
the effect of the charge density fluctuation (CDF) that also con-
tributes to THG®8. We do not rule out the contribution of CDF
here, but it has been theoretically demonstrated that the
light-Higgs coupling is drastically enhanced when the non-
magnetic impurity scattering rate is comparable to the gap
energy, i.e., y ~ A¥~50 and gives a leading contribution to THz-
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Fig. 3 THz-THG signal from FeSeq sTeg s in equilibrium. a Schematic illustration of the terahertz third-harmonic generation (THz-THG) measurement.
Narrowband THz probe pulse with the center photon energy of hiw =2 meV (0.5 THz in frequency) is used. A near-infrared pump pulse, used for the

photoexcitation, is also shown by red. The results shown in b, ¢ are obtained without the pump pulse. b Time-domain waveform of the transmitted THz
pulses at 18 and 4.3 K (red and blue, respectively), along with the power spectra shown in the inset. 1.5 THz bandpass filters are inserted after the sample
to reduce the transmitted fundamental component. ¢ Temperature dependence of the squared magnitude of the THG susceptibility, |X(3) |2= ITH/(IF)3, with
intensities of the observed TH and fundamental signals, I+ and Ir. Error bars represent the standard deviation. The fit curve by assuming the Higgs mode

response represented by Eq. (1) in the text is also shown by the solid line.

THG, the condition of which is satisfied in the present case of
FeSeq sTey 5. Importantly, the THG signal exhibits a clear corre-
lation with superconductivity as manifested by the temperature

dependence of |X(3)|2. This result allows us to utilize the THG
signal as an indicator of the superconducting order parameter.

The photoexcitation effect of superconductivity probed by
THG. Next, we measured THz-THG under the photoexcitation to
investigate the nonequilibrium dynamics of superconductivity.
We irradiated a multicycle THz pulse for THG (hereinafter
referred to as THz probe pulse) and a NIR excitation pulse
(hereinafter referred to as pump pulse) simultaneously to the
sample and measured the waveform of the transmitted THz
probe pulse, as illustrated in Fig. 3a. Figure 4a shows the wave-
form of the THG signal, transmitted through the sample at 4.3 K.
Here we analytically extracted the TH frequency component of
1.5 THz from the measured waveform. The arrival time of the
NIR pump pulse, denoted by the black arrow, is t = 3.5 ps. One
sees that the TH signal is enhanced in the initial 2 ps after the
photoexcitation and then suppressed. This dynamics of the TH
signal reflects the enhancement and suppression of the super-
conducting order parameter associated with the small gap.

In this measurement, the relative time between the pump and
probe pulse was fixed so that the temporal resolution of the
photoexcitation dynamics was limited by the frequency of 1.5
THz (~ 0.7ps in time)**>%. Next, we measured the THG
susceptibility under the NIR pump by scanning the probe pulse
with keeping the timing of the sampling pulse fixed: in such a
case, the time resolution is not restricted by the period and the
duration of the THz probe pulse but mostly determined by the
pulse duration of the NIR sampling pulse of ~ 140fs (see
“Methods” for details). Figure 4b displays the TH waveforms of

the THz probe pulses at the indicated delay times after the
photoexcitation. As shown in Fig. 4c, the TH intensity normalized
by its equilibrium value increases and reaches maximum at t,,, =
1.4 ps, followed by the gradual reduction. At t,,>5ps, the TH
intensity becomes about 1% of that in equilibrium, indicating that
the superconductivity is mostly destroyed, and the system
thermalizes to a normal metallic state. The time evolution of
the THG signal can be compared by the numerical calculation of
the THG signal by assuming the time-dependent superconduct-
ing order parameter (Fig. 4d, e). Since we adopted two
measurement schemes in our optical pump and THz-THG probe
experiments, i.e., one is to track the real-time dynamics of the
THz electromagnetic wave (Fig. 4a) and the other is to track the
dynamics of the superconducting order parameter by measuring
the THG intensity as a function of t,, (Fig. 4b, c), we utilized two
kinds of the procedures to obtain the corresponding numerical
results (details are given in Supplementary Note 5). The
experimentally observed enhancement of the THG signal is well
reproduced by the calculations, from which the amount of the
photoinduced enhancement of the small gap is estimated to
be 10%.

It is remarkable that the dynamics of the THG signal shows a
good agreement with the result of the transient optical
conductivity measurement. These results corroborate the photo-
induced enhancement of the superconducting order parameter
and the resulting enhancement of the superfluid density. At t,, =
1.4 ps where the THG signal is maximized, we also observed an
increase of o, by the amount of about 10%, which is equivalent to
the gap enhancement of the hole bands evaluated from the THG
measurements. Since the divergent o, spectrum consists of the
superfluid densities of both the electron and hole bands, this
result indicates that o, in the low-energy region contains a
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substantial contribution of the superfluid density in the hole
bands exhibiting the small gap, comparable to that in the electron
bands exhibiting the large gap. Such disproportionality of the
superfluid density with respect to the gap value has been
identified in the FeSe superconductor®l. We also confirmed that
the enhancement of the THG signal, or to be precise the
emergence of the THG signal, is not observed above T, upon the
photoexcitation (the data at 18 K are shown in Supplementary
Fig. 2b), consistent with the transient optical conductivity
measurement at T> T..

Discussion

Now we address the role of the photoexcitation for the enhance-
ment of the superconducting order parameter. One possible
mechanism is the photoexcitation of coherent A, phonons through
the Raman process that leads to the modulation of electronic band
structures as reported in time-resolved ARPES?20263 and the time-
resolved X-ray measurement®? in FeSe. However, the optical pump
fluence in our experiments is at most ~ 10 uJ cm~2 per pulse, which
is about two orders of magnitude smaller than those of previous
experiments. The induced lattice modulation is estimated to the
order of 0.01 pm, which is considerably small to cause the dyna-
mical band structure modulation as observed in previous
reports?26263, Besides, it is unlikely that the A;, phonons (hw ~ 20
meV in the case of FeSe) are effectively excited by the excitation
pulse with the pulse width of ~ 140 fs (the bandwidth is ~ 23 meV
in photon energy). Photoinduced melting of the long-range nematic
order is not relevant because it is absent in the present case of
FeSegsTeys 4. Combining with the thresholdless behavior of the
transient signal (see Supplementary Note 6), we are left with a
possible scenario that the observed enhancement of the super-
conducting order parameter is more directly related to the photo-
carrier injection. The absorbed incident photon density is estimated
as 8 x 1017 cm™3 for the pump fluence of 2.6 uf cm™2 (details are

eqr which is used for the calculation, is shown in the inset.

given in Supplementary Note 7), which is more than two orders of
magnitude smaller than the hole density in the hole pockets esti-
mated from the Hall measurements in FeSe; ,Te, (x < 0.4)0%. This
estimation is also consistent with the real-part optical conductivity
above T, where the photoinduced increase of the spectral weight
was < 1% compared to that of equilibrium (Supplementary Fig. 2a).
Notably, in our pump fluence regime, the transient optical con-
ductivity in the high-energy region (hw >3 meV) remains nearly
unchanged upon the photoexcitation (Fig. 2b, ¢), which means that
the photoexcitation has little effect on the electron bands in the
initial temporal region (< 2 ps) even in the superconducting phase.
Therefore, one may infer that the injection of a fraction of carriers
into the hole bands gives rise to the enhancement of super-
conductivity through the modification of interband pair scatterings.
In fact, transport measurements of FeSe under high hydrostatic
pressure have suggested that the increase of T, is associated with the
increase of the hole density and the enhancement of the interband
spin fluctuations®®. The significance of the interband anti-
ferromagnetic fluctuation, and its cooperation with the orbital
fluctuation, has been extensively studied as the origin of super-
conductivity in FeSCs%-70, In FeSe,_,Te, system, the correlation
between the interband interaction in the d,,-orbital channel and the
enhancement of T, has also been pointed out in recent ARPES
study?0. It should be noted here that the robustness of the super-
conductivity in the electron bands is considered to play a crucial
role for the counterintuitive behavior that the superconductivity in
the hole bands is enhanced despite the photocarrier injection into
the hole bands. To examine this picture more quantitatively, we
calculated the superconducting gaps from the coupled BCS gap
equations analysis by implementing a 10% increase into the inter-
band pairing interaction from the equilibrium value (see Supple-
mental Note 4). The results show a nearly same order (~ 10%)
increase for the small gap but an order of magnitude smaller change
for the large gap, which reasonably agree with our experimental
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observation. This picture is also consistent with the result that the
enhancement of superconductivity is observed only below T, in the
investigated pump fluence regime (the data above T, are shown in
Supplementary Note 2), indicating the importance of the pre-
existing condensate in the electron bands.

In summary, we demonstrate the transient enhancement of the
superconducting order parameter in FeSeqsTeys under the NIR
optical pulse excitation. The enhancement of superconductivity is
manifested by the enhancement of the imaginary part of the
optical conductivity, which represents the superfluid density. The
enhancement of the superconducting order parameter is further
corroborated by the time-resolved THz-THG measurement,
which is accounted for by the Higgs mode response. Remarkably,
this result is contrary to the conventional understanding that the
photoinjection of the quasiparticles suppresses superconductivity.
By resolving the ultrafast dynamics between the two super-
conducting gaps in the terahertz frequency domain, we elucidate
that the enhancement of superconductivity occurs only in the
hole bands but not in the electron bands. This result is considered
as an inherent character of the multiband superconductivity in
FeSegsTeys, where the interband pairing interactions play an
essential role. Moreover, the present result provides a route for
the dynamical tuning of pairing interactions and resulting
superconductivity in multiband superconductors by light. The
time-resolved THz-THG adopted in this work provides a way to
investigate nonequilibrium dynamics of the superconducting
order parameter with picosecond time resolution and may be
applied to investigate the light-induced superconducting
phenomena.

Methods

Optical conductivity measurement. The output from a regenerative amplified Ti:
sapphire laser (pulse duration of 90 fs, central photon energy of hw = 1.55¢V,
repetition rate of 1kHz) was split into three pulses: one is for a NIR excitation
pulse (pump pulse), another is to generate a broad-band THz wave (probe pulse),
and the other is for a NIR sampling pulse for electro-optic (EO) sampling. We
generated a broad-band (single-cycle) THz probe pulse from a p-type InAs (111)
crystal illuminated with the NIR pulse. Time-domain waveform of the transmitted
probe pulse was detected by EO sampling in a ZnTe (110) crystal with a thickness
of 2 mm. To obtain the time-domain waveform of the probe pulse at each
pump-probe delay time, t,,, the temporal interval between a pump pulse and a
sampling pulse was fixed to t,, and the timing of probe pulse was swept. The NIR
pump pulse duration is estimated to be 140 fs by an autocorrelation measurement.

THz-THG measurement. The output from the regenerative amplified Ti:sapphire
laser was split into three pulses: one is for a NIR excitation pulse (pump pulse),
another is to generate a multi-cycle THz wave for THG (probe pulse), and the
other is for a NIR sampling pulse for EO sampling. By utilizing the tilted-pulse-
front method with a LINbOj; crystal’!72, we generated an intense broad-band
(single-cycle) THz pulse with the peak field of 150 kV cm~!. To obtain the nar-
rower bandwidth THz source with the center frequency of w/2n = 0.5 THz, we
placed four bandpass filters before the sample and the peak electric field is esti-
mated as 15kV cm™! at the sample position inside the cryostat. To extract the TH
signal with suppressing the fundamental 0.5 THz component, two 1.5 THz band-
pass filters were inserted after the sample. Time-domain waveform of the probe
pulse transmitted through the sample was detected by EO sampling in a ZnTe
(110) crystal with a thickness of 2 mm.

In the photoexcitation measurement with a NIR pump pulse, the real-time
waveform of the THz wave shown in Fig. 4a is obtained by fixing the timing of the
pump pulse and the probe pulse and sweeping the arrival time of the sampling
pulse. On the other hand, time-domain waveforms of probe pulses at fixed
pump-probe delay times shown in Fig. 4b are obtained by fixing the time delay
between the pump pulse and the sampling pulse and sweeping the timing of the
probe pulse. With this procedure, we obtained the probe THz waveform, and every
point of the waveform is measured with a fixed delay time after the
photoexcitation. In the procedure, pump-probe delay time, ,,, is defined as the
time interval between the pump pulse and the sampling pulse. The latter method
has been demonstrated to provide information about a transient state after
photoexcitation unless the rise time is shorter than the pulse duration of the
sampling pulse®%60:73,

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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