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We report near and midinfrared pump, c-axis terahertz probe measurements on a superconducting single
crystal Laj gpsBagosCuOy with 7T, = 32 K. The measurements reveal that the pump-induced change occurs
predominantly at the Josephson plasma edge position below 7.. Upon excitation by strong near-infrared pulses,
the superconducting state is severely disturbed and incoherent quasiparticle excitations develop in the frequency
regime above the static plasma edge. However, within a very short time delay (~1.5 ps) we observe the
reappearance of a very sharp Josephson plasma edge at a frequency lower than the static Josephson plasma
edge and the emergence of a new light-induced edge at a higher energy. The results imply that the light can induce
new Josephson plasmon modes with different coupling strengths. A similar but weaker effect is observed for the
midinfrared pump. No pump-induced effect is detected above T,.
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The recent development of ultrashort laser pulses has been
proven to be a powerful tool for the light control of different
orders in complex electronic materials. Paradigmatic examples
include the induction of lattice distortions in manganites [1],
the transient generation of spin-density-wave order in the
normal state of BaFe,As, [2], melting [3] and switching
[4] of charge-density-wave (CDW) orders in transition-metal
dichalcogenides, manipulation of the order parameters and
detection of Higgs/amplitude modes in superconductor/CDW
compounds [5,6], light-induced electron localization in a quan-
tum Hall system [7], etc. Among various novel phenomena,
the light-induced superconductivity in cuprates is perhaps the
most intriguing observation. The effect was first observed
in a stripe-ordered cuprate at 10 K in the normal state [8§],
then in underdoped YBa,Cu3Og 5 at temperatures even above
300 K [9,10]. In those measurements, after being excited by
midinfrared (MIR) 15 um (~80 meV), the Josephson plasma
edges formed by superfluid carriers were detected in a time-
domain terahertz (THz) measurement. More recently, it was
found that the transient superconductivity could be induced
and enhanced by a near-infrared (NIR) pump at 800 nm (~1.55
eV) in La;_,Ba,CuQO,4 with x = 0.115, which is close to the
stripe-ordered phase [11,12].

Here, we report a photoexcited c-axis dynamics in a super-
conducting single crystal La; gosBag g9osCuOy with 7, = 32 K
[13], by using NIR (1.28 um, ~ 1 eV) and MIR (15 pm)
pump and THz probe measurements. We find that strong
NIR pumping suppresses the superconductivity and induces
incoherent quasiparticle excitations. However, within a very
short time delay, ~1.5 ps, we observe the reappearance of
a very sharp Josephson plasma edge at an energy lower
than the static Josephson plasma edge and the emergence
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of a new light-induced edge at a higher energy. The results
suggest the establishment of new Josephson plasmon modes
from condensed superfluid carriers with different coupling
strengths. A weaker effect is found for the MIR pumping. The
result is very different from an earlier report by Nicoletti et al.
on the same composition, in which they found a negligibly
small effect with an 800-nm pump at a fluence of 2 mJ/cm?
[11].

A near to midinfrared pump—THz probe spectroscopy sys-
tem was constructed to measure the c-axis static and pump-
induced time-domain THz electric field [14]. A transverse
electric field (TE) configuration, i.e., the THz electric field
being perpendicular to the incident plane, is employed for
the measurement, as displayed in Fig. 1(a). Details of the
experimental setup and measurement technique are presented
in the Supplemental Material [15]. Figure 1(b) shows the
far-infrared (FIR) reflectivity spectra with the electric field of
the light E || ¢ axis at two selective temperatures measured by
a Fourier transform infrared spectrometer (FTIR). The spectra
show a number of phonon modes in the FIR region. Above
T,, the reflectivity values are low and relatively featureless
below 100 cm™! (or 3 THz), indicating an insulating response.
Below T, a very sharp Josephson plasma edge develops near
18 cm™! (~0.54 THz) at 6 K. The data are in good agreement
with the earlier measurement by Homes [16]. Figures 1(c)
and 1(d) show static THz spectra in the time domain E(t)
and their Fourier-transformed spectra in the frequency domain
E(w) at two selective temperatures 35 and 6 K above and
below T, respectively. The sharp dip near 18 cm™! at 6 K
corresponds to the Josephson plasma edge observed in the
FTIR measurement. The presence of a Josephson plasmon is
a hallmark of superconductivity in layered cuprates.

‘We now show the time-resolved terahertz measurement with
a NIR pump at 1.28 pum. Figure 2(a) displays the decay of
the relative change of the THz electric field peak AE/Epeax
after excitation by a fluence of 3 mJ/cm?. We define time zero
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FIG. 1. Crystal structure and equilibrium optical spectra. (a) Both
the pump and THz probe electric fields are polarized to the ¢ axis of
the sample. (b) The FIR reflectance spectra measured by FTIR at two
selective temperatures 35 and 6 K above and below T, respectively.
The reflectance extension to lower energy (dot curves) is achieved by
the time-domain THz measurement. (c) and (d) Static THz spectra
in the time domain E(¢) and their Fourier-transformed spectra in the
frequency domain E(w) at 35 and 6 K. The dashed line indicates the
plasma edge dip position.

T = 0 ps at the maximum position of the pump-probe signal
AE [ Epeax, and the “static” state before where A E/ Epeqi Starts
to change. A relatively rapid decay is seen roughly within 12 ps
after excitation. Then the signal shows little decay up to the
measured longest time delay beyond 50 ps. At each time delay
after excitation, the pump-induced change of the reflected THz
electric field AE(¢) can be acquired directly by modulating
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FIG. 2. Pump-induced changes by 1.28-pum excitations at 6 K.
(a) The relative electric field change at the THz peak position as a
function of time delay after excitation. (b) Inset: The pump-induced
relative change AE(t)/Epeq in the time domain at 7 = 0 ps. Main
panel: The Fourier-transformed spectrum of AE(t). (c¢) Frequency
domain THz spectrum before and after excitation at T = 0 ps. (d) The
reflectivity spectra before and after excitation at t = 0 ps. The inset
shows the ratio of the reflectivity change relative to the static values.
The penetration depth mismatch is not considered here.

the pump pulse. Figure 2(b) shows the pump-induced relative
change AE(t)/Epcx at 6 K below T, at 7 =0 ps (inset).
AE(t)/Epeax shows clear oscillations in the time domain,
which gives a pronounced peak slightly below 18 cm™ in the
frequency domain A E(w, 1) after the Fourier transformation,
as shown in the main panel of Fig. 2(b). This pronounced
peak in AE(w, t) suggests that the pump-induced change
occurs predominantly near the static Josephson plasma edge
position. A comparison of the frequency domain THz spectrum
after excitation, E(w, 7) + AE(w, T), with that of the static
THz spectrum, E(w, t), is shown in Fig. 2(c). Obviously,
the electric field is reduced below the static plasma edge and
enhanced just above the plasma edge for T = 0 ps.

The complex reflection coefficient of the photoexcited
sample 7'(w,t) can be determined from the normalized
pump-induced changes to the electric field AE(w, 7)/E(w)
using the relation AE (0, 1)/ E(0) = [ (0, T) — F(w)]/F (o),
where E(w) and AE(w, 7) are obtained from the Fourier
transformation of measured E(¢) and AE (¢, T), and the static
reflection coefficient 7(w) is evaluated from the equilibrium
optical reflective index obtained from the Kramers-Kronig
transformation of optical reflectance measured by FTIR. From
7'(w, T), we can calculate all the optical constants. Figure 2(d)
shows the reflectivity spectrum after excitation at t = 0 ps.
The static reflectivity is also plotted for comparison. We find
that the reflectivity is suppressed below the static plasma edge
and enhanced just above the plasma edge, and merged into
the static values roughly above 40 cm™! . Those features can
be more clearly seen from the plot of the ratio of reflectivity
change over the static values, as shown in the inset of Fig. 2(d).

It deserves to be emphasized that there exists a significant
difference in penetration depths between the NIR pump (at
1.28 um) and the THz probe pulses (below 2.5 THz). To derive
the true pump-induced change of THz spectra, the penetration
depth mismatch must be taken into account. The data shown
above are the raw experimental measurement results of static
and pump-induced transient THz spectra at a specific time
delay without considering such a mismatch. In the following,
we present calculated optical constants from a multilayer
model with an incident angle of 30°. Details of the procedure
are given in the Supplemental Material [15].

Figure 3 shows the calculated reflectivity, energy loss
function, and real part of conductivity spectra at different time
delays after 1.28-m excitations. We first examine the spectral
changes at several representative time delays. At the maximum
pump-induced signal position, i.e., T = 0 ps [Fig. 3(a)], the
reflectivity below the edge is severely suppressed to low values
(roughly below 0.8), though it still displays an edgelike shape.
By contrast, the values near the dip position are strongly
enhanced and a new heavily overdamped plasma edge appears
at a higher energy before merging into the static spectrum.
The results suggest that the superconductivity is strongly
disturbed or suppressed. However, after a very short time
delay, e.g., at T = 1.5 ps [Fig. 3(b)], a very sharp plasma
edge appears at a much lower frequency near 10 cm™!,
then a flat reflectance forms, followed by a new broad en-
hancement with an overdamped edgelike feature at higher
energy. With increasing the time delay, e.g., t = 12 and 54
ps [Figs. 3(c) and 3(d)], the sharp plasma edge at the lower-
energy scale shifts to a higher-energy scale, meanwhile, the
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FIG. 3. Calculated optical constants from a multilayer model at different time delays after 1.28-um excitations. (a)—(d) show the reflectance
spectral changes at several representative time delays. (e)—(h) show the corresponding energy loss function spectra. (i)—(1) show the real part
of conductivity spectra after excitations. (m)—(0) are intensity plots of the spectral evolution of R(w), Im[—1/&(w)], and o7 (w) as a function of

time delay.

broad enhancement at high energy weakens and a sharp edge
feature appears near 18 cm~! . The observations indicate that
the superconductivity is strongly suppressed by the initial
photoexcitations, but within a short time delay new Josephson
plasmons with different coupling strengths are reestablished.
The two edges, which have been well formed after a short
time delay of photoexcitations, represent two longitudinal
Josephson plasmon modes. They can be identified more clearly
as peaks in the energy loss function spectra as presented in
Figs. 3(e)-3(h), where the locations of the peaks indicate
the energy scales of the mode and their widths reflect the
damping rates of the collective excitations. We remark that the
splitting of the pump-induced plasma mode was observed in
YBa,;CusOg 45 with 15-pum excitation [ 17], however, the signal
level was very small and visible only in the differential spectra
between the pumped and static spectra. The formation of
two extremely strong and long-lived light-induced longitudinal
plasmon modes as presented here was not reported before.
The presence of two longitudinal Josephson plasmon modes
would lead to the formation of a transverse Josephson plasmon
between the two longitudinal modes, which can be regarded as
an out-of-phase oscillation of the two individual components
[18] and has been observed in many cuprate systems [19-22].
The transverse mode shows up directly in the conductivity
spectrum. Indeed, a peak feature is clearly observed in the real
part of the conductivity spectra, as presented in Figs. 3(1)-3(1).
The peak becomes very sharp and locates at the frequency just
slightly lower than the energy of the higher plasmon mode,
as indicated in the energy loss function spectra. Besides the

narrow peak, a broad enhancement is observed in conductivity
above the static Josephson plasmon energy, which is associated
with the strongly enhanced reflectivity near and above the static
plasma edge energy. This feature is prominent at T = 0 ps but
becomes weaker at longer time delays. This broad feature sug-
gests the development of incoherent quasiparticle excitations
with a binding energy above the static plasma edge energy.
More detailed spectral evolutions of R(w), Im[—1/¢(w)], and
o1(w) as a function of time delay are presented in the intensity
plots in Figs. 3(m)-3(0), respectively.

We performed similar measurements with MIR excitations
at 15 um. Figure 4(a) shows the decay of the relative change
of the THz electric field at the peak position AE/Epea after
excitation at a fluence of 0.5 mJ/cm?. The decay process
is similar to the excitation at 1.28 pum. The pump-induced
relative change of AE(t)/Epea in the time domain and the
Fourier-transformed AE(w, t) in the frequency domain at
T = 6 K and v = 0 ps are shown in the inset and main panel
of Fig. 4(b), respectively. The shapes are almost the same as
that of 1.28-um excitations, though the signal level is smaller
due to a weaker pump fluence. Figures 4(c) and 4(d) show
the calculated reflectivity and real part of the conductivity
spectra from the multilayer model at two selective time delays
7 =0 and 30 ps and their comparisons with static spectra,
respectively. We find that, although the pump-induced spectra
are in principle similar to that excited by 1.28 yum shown above,
the effect is much smaller. Only a very small peak appears near
the static plasma edge position. The high-frequency side edge
of the small peak can be assigned to the second longitudinal
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FIG. 4. Pump-induced changes by 15-um excitations at 6 K.
(a) The relative electric field change at the THz peak position as
a function of time delay after excitation. (b) The pump-induced
relative change of AE(t)/Epcqx in the time domain (inset) and the
Fourier-transformed A E(w, 7) in the frequency domain (main panel)
at T =0 ps. (c) and (d) Calculated reflectivity and real part of
conductivity from a multilayer model at two time delays 7 = 0 and
30 ps and their comparisons with static spectra.

plasmon mode. It leads to a weak feature in the energy loss
function (not shown) and a peak in the conductivity spectrum
(i.e., transverse plasmon mode). Additionally, the the broad
enhancement feature is very weak. The very small effect
in the calculated optical constants is attributed to a smaller
penetration depth mismatch between the 15-um and THz
probe beam, besides the weaker pump fluence.

We also performed NIR and MIR pump, c-axis terahertz
probe measurements at different temperatures. The signal
becomes weaker and gradually disappears with increasing
temperature. No pump-induced signal is detected above 7, (see
Supplemental Material [15]).

We now discuss the implications of the measurement
results. An important pump-induced effect is the development
of a strong and relatively broad feature in o (w) at the energy
scale above the static plasma edge. It reflects quasiparticle
excitations. This feature is prominent with the NIR pump at
T = 0 ps but its intensity decays with time delays. Because it
is not Drude-like, we assign it to the incoherent excitations. It
implies that the excited quasiparticles are still confined in the
ab plane and the c-axis coherence cannot be established due to
the insulating block layers. The binding energy has the energy
scale of the Josephson coupling strength. Nevertheless, at
longer time delays, the reduced spectral weight should become
a superconducting condensate centered at zero frequency.

The observation of two long-lived longitudinal Josephson
plasmon modes and a transverse plasmon is the most promi-
nent result in this work. It suggests the development of two
inequivalent Josephson couplings along the ¢ axis. Its origin is
not clear at present. Here, we discuss possible explanations. It
is known that the application of a moderate external magnetic
field within the CuO, plane can have a remarkable effect on the

c-axis Josephson plasma mode in underdoped YBa,Cu3;O7_;
[23,24]. The applied magnetic field can cause inequivalent
insulating layers with and without Josephson vortices, which in
turn lead to the modulation formation of Josephson couplings
[23,24]. In the present measurement, the electric field of the
pump pulse at a fluence of 3 mJ/cm? reaches about 6 MV /cm
at 1.28-um pumping. Correspondingly, the magnetic field is
about 2 T. The magnetic field at 15-um pumping is about
0.3 T. The field may be strong enough to generate Josephson
vortices in the CuO, plane. However, it is unlikely that the
ultrafast pulse can generate spatial modulation along the ¢
axis.

One may speculate that the compound locates not far from
the charge stripe phase in the phase diagram, and a dynamical
stripe fluctuation may exist in the sample. Since the charge
stripes, whose directions change by 90° in the neighboring
CuO; planes, can lead to spatial modulation of the Josephson
coupling strengths between the superconducting charge stripes
[25,26], the observation of two longitudinal plasma edges
may be related to the dynamical stripes. We think that this
possibility is low since the compound exhibits a single and
very sharp Josephson plasma edge without pumping. The
intense pumping is unlikely to induce the formation of charge
stripe order. In fact, a recent time-resolved resonant soft x-ray
diffraction study indicated that the NIR excitations suppress
the stripe order in the La; ggsBag 115CuO4 sample [27].

A more plausible explanation is that strong photoexcitations
induce a structural change in the compound. If the intense pump
pulse can drive the out-of-plane apical oxygens to deviate their
equilibrium positions, resulting in a modulation of Cu-apical
oxygen bond lengths between different CuO, planes, two
different Josephson coupling strengths can naturally develop.
This would explain the formation of two longitudinal Joseph-
son plasmons and a transverse mode. In fact, photoinduced
structural phase transitions have been found in different com-
pounds [28-31]. For example, a photoinduced homogeneous,
metastable lattice change was observed in Ndg s5SrgsMnOs
using time-resolved x-ray diffraction [31]. An earlier ultra-
fast electron diffraction measurement on La;CuQOy, 5 actually
indicated a photoinduced structural change with an increase of
the c-axis lattice constant [30]. Nevertheless, further detailed
studies on the photoinduced structural change and its decay
dynamics by other time-resolved probes below T, are needed
to test this scenario.

To summarize, we performed NIR and MIR pump, c-axis
THz probe measurements on a superconducting single crystal
Laj gosBag.g9sCuOy4 with T, = 32 K. The measurement reveals
that the pump-induced change occurs mainly at the Josephson
plasma edge position below 7.. The superconducting state
is severely disturbed by the strong NIR excitations and in-
coherent quasiparticle excitations develop in the frequency
regime above the static plasma edge. Most prominently, we
observe the reappearance of a very sharp Josephson plasma
edge at a frequency lower than the static Josephson plasma
edge and a new light-induced Josephson mode at a higher
energy after a short time delay. The results imply that light
can induce new Josephson plasmons with different coupling
strengths. A similar but weak effect is observed for the MIR

pump.
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