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Coherent optical excitation of certain phonon modes in YBa2Cu3O6+x has been shown to in-
duce superconducting-like interlayer coherence at temperatures higher than Tc. Recent work has
associated these phenomena to a parametric excitation and amplification of Josephson plasma po-
laritons, which are overdamped above Tc but are made coherent by the phonon drive. However,
the dissipative response of uncondensed quasiparticles, which do not couple in the same way to
the phonon drive, has not been addressed. Here, we investigate both the enhancement of the su-
perfluid density, ωσ2(ω), and the dissipative response of quasiparticles, σ1(ω), by systematically
tuning the duration and energy of the mid-infrared pulse while keeping the peak field fixed. We
find that the photo-induced superfluid density saturates to the zero-temperature equilibrium value
for pulses made longer than the phonon dephasing time, whilst the dissipative component continues
to grow with increasing pulse duration. We show that superfluid and dissipation remain uncoupled
as long as the drive is on, and identify an optimal regime of pump pulse durations for which the
superconducting response is maximum and dissipation is minimized.

When cooled below the equilibrium superconducting
transition, cuprate superconductors acquire a character-
istic terahertz-frequency optical response, reflecting co-
herent interlayer transport and condensation of normal
state quasiparticles [1–4]. These features are displayed
in Fig. 1(a,b), where we report the complex optical con-
ductivity of underdoped YBa2Cu3O6+x along the c-axis
for T > Tc (red) and T < Tc (blue). In the normal state,
the real (dissipative) part of the conductivity, σ1(ω), at
low frequencies (ω ≤ 100 cm−1) is finite, exhibiting a
flat and featureless spectrum (red curve in Fig. 1(a), left
panel). For ω > 100 cm−1 (Fig. 1(a), right panel) a col-
lection of narrow absorption peaks is observed, assigned
to infrared-active phonons, along with a broader contri-
bution around 400 cm−1, which has been attributed to
the so-called “transverse Josephson plasmon” [5–8]. No-
tably, unlike in conventional superconductors, the spec-
tral weight loss across the superconducting transition
(blue shading) extends over a frequency range which is far
broader than the superconducting gap, a behavior which
is commonly found in strongly-correlated superconduc-
tors [1–4, 9]. The presence of a zero-frequency pole in
σ1(ω) manifests itself in the imaginary (inductive) part
of the optical conductivity, σ2(ω), as a 1/ω divergence
at low frequency (Fig. 1(b)), which allows the deter-
mination of the superfluid density from finite frequency

measurements, as limω→0 ωσ2(ω) = 1
ω

nse
2

m (here ns is
the superfluid density, e the electron charge and m the
electron mass).

In a recent series of experiments, femtosecond mid-
infrared pulses have been used to resonantly excite apical
oxygen vibrations in underdoped YBa2Cu3O6+x [10–16].
These studies revealed a light-induced transient optical
response featuring a finite light induced superfluid den-
sity, as seen most directly in the transient σ2(ω) which

acquires the same 1/ω behavior observed below Tc. Strik-
ingly, these effects were observed all the way up to the
pseudo-gap temperature, T ∗ [10–13]. A representative
result is reported in Fig. 1(c,d), where we show the com-
plex optical conductivity of YBa2Cu3O6.48 measured at
T = 100 K ≈ 2Tc before (red lines) and after (blue cir-
cles) mid-infrared photoexcitation (here, the region cov-
ered by the pump spectrum is shaded in blue). Notably,
this analogy does not apply to the real part of optical
conductivity. In the transient state the low-frequency
σ1(ω) shows an increase (Fig. 1(c), left panel), as op-
posed to a decrease upon cooling (Fig. 1(a), left panel).
This dissipative response can be reproduced by fitting the
data with a two-fluid model in which a superconducting
term, given by a Josephson Plasma Resonance, coexists
with an overdamped Drude absorption [12, 17–19] that
accounts for the tunnelling of incoherent normal carriers
(dashed lines in Fig. 1(c,d), see Supplemental Material
for details on the fitting model).

Recently, further experimental and theoretical work
[20, 21] has provided evidence that periodic driving of
the apical oxygen modes acts as a parametric pump for
the amplification of incoherent Josephson plasmons in the
pseudogap phase, giving rise to the superconducting-like
optical properties observed with THz spectroscopy. In
this context, it is not clear how sustained drives affects
the dissipative response, and how the ratio of superfluid
density to dissipative heating can be optimized.

Here, we explore this issue by photo-exciting
YBa2Cu3O6.48 with mid-infrared pump pulses of variable
duration, tuned to resonantly drive the same 570 cm−1

and 670 cm−1 apical oxygen phonons that induce the
superconducting-like behavior discussed above [11, 12].
To this end, single crystals of YBa2Cu3O6.48 with typi-
cal dimensions of 1.5 × 1.5 × 0.4 mm3 were mounted to
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FIG. 1. (a,b) Complex c-axis optical conductivity, σ1(ω) + iσ2(ω), of underdoped YBa2Cu3O6+x across the equilibrium
superconducting transition. Data at T = 60 K > Tc (red) and T = 10 K < Tc (Tc = 52 K) are reported [2, 11]. Filled
blue regions represent the changes in the spectra across Tc. The vertical arrow in (a) is a pole at zero frequency indicative
of dissipationless transport. (c,d) Same quantities as in (a,b) measured in YBa2Cu3O6.48 at T = 100 K before (red) and
after (blue circles) mid-infrared photo-excitation (see main text). Red and blue fillings in (c) and (d) represent photo-induced
changes in the spectra, while the shaded blue area around 600 cm−1 indicates the frequency range covered by the mid-infrared
pump. Dashed blue lines are fits to the transient optical conductivity performed with a model including a Josephson plasmon
and a Drude term (see also Supplemental Material).

expose a surface determined by the out-of-plane (‖ c)
and one of the in-plane (⊥ c) crystallographic directions.
The crystals were photo-excited using mid-infrared pump
pulses generated using an optical parametric amplifier
pumped by a commercial Ti:Sa laser system. These
pump pulses were polarized along the c axis and made
to propagate through dispersive, optically polished NaCl
plates before impinging on the sample. This yielded ex-
citation pulses with the same spectral content but dura-
tion varying from 150 fs up to 4.3 ps. Broadband THz
probe pulses (≈ 17 − 75 cm−1) were generated using a
photoconductive antenna from the direct output of the
Ti:Sa amplifier. These THz probe pulses, with polariza-
tion parallel to the crystal c axis, were then focused on
the sample and detected by electro-optical sampling after
reflection in a 500 µm thick ZnTe (110) crystal, yielding
the photo-induced changes in the low frequency complex
reflection coefficient r̃(ω) as a function of pump-probe
time delay. The penetration depth of the mid-infrared
pump (≈ 1 µm) was shorter than that of THz probe (5-10
µm). This was taken into account by modelling the sam-

ple as a multi-layered photo-excited stack on top of an
unperturbed bulk in order to obtain the optical response
functions corresponding to an effective semi-infinite and
homogeneously excited medium (see Supplemental Ma-
terial and Ref. [22]).

The measurements presented in the following were car-
ried out at a constant peak field of 2.2 MV/cm for all
pulse durations. In the scenario of parametrically am-
plified superconductivity [20–24], the use of sustained
drives at constant peak field allows us to maintain the
amplitude of the parametric drive constant for increasing
pulse duration, thus enabling the study of the interplay
between dissipation and superconductivity in the photo-
induced state.

Figure 2 provides a visual summary of the results of the
pulse duration dependence, for which we report extended
data sets in the Supplemental Material. The color plots
show the frequency- and time-dependent transient com-
plex optical conductivity σ1(ω) + iσ2(ω) after excitation
with different mid-infrared pulse durations varying from
0.15 ps to 4.3 ps at a temperature T = 100 K � Tc (∼=
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FIG. 2. Frequency- and time-delay-dependent complex opti-
cal conductivity of YBa2Cu3O6.48 after photo-excitation with
different mid-infrared pump pulse duration at T = 100 K. The
peak field was kept constant at 2.2 MV/cm for all measure-
ments.

52 K). The σ1(ω) spectra show an almost frequency inde-
pendent increase (red colors) at all positive time delays
which is indicative of enhanced dissipation. The imagi-
nary conductivity, σ2(ω), displays instead a 1/ω-like di-
vergence at low frequency (blue shaded areas), which per-
sist for a time window of the order of the pump pulse
duration. Besides the new observation of an increased
lifetime of the transient superconducting response, our
data are consistent with the previous findings reported
in Refs. [10–12]. However, while the qualitative features
in the optical spectra do not depend on the drive pulse
duration, we find quantitative differences, analyzed in the
following.

To reconstruct the dynamical evolution of the two com-
ponents of the transient response, namely the dissipative

one in σ1(ω) and the coherent one in σ2(ω), we extracted
two representative quantities from the individual THz
spectra measured at each time delay.

The transient σ1(ω) spectral weight, indicative of dissi-

pation, is determined as
∫ 75 cm−1

20 cm−1 σ1(ω)dω, while the co-
herent response is expressed as limω→0 ωσ2(ω), which in
a superconductor at equilibrium is proportional to the su-
perfluid density. Figures 3(a,b) and 3(c,d) display these
two figures of merit for representative pulse durations of
0.15 ps and 3 ps, respectively. For both data sets, after
photo-excitation the σ1(ω) spectral weight is enhanced
and then relaxes on a time scale that clearly exceeds
the pump pulse duration. A different evolution is ob-
served instead in limω→0 ωσ2(ω), which appears to be fi-
nite only while the system is driven (blue shading in Fig.
3(c,d)). In this case, excitation with longer pulses al-
lows the “zero-temperature” equilibrium superfluid den-
sity to be reached. This is reported for comparison as
a dashed horizontal line in Fig. 3(d). A more accurate
visualization of how the lifetime of the photoinduced su-
perconducting state scales with the pump pulse duration
is displayed in Fig. 3(e), emphasizing a one-to-one cor-
respondence between drive duration and lifetime.

The transient σ1(ω) spectral weight and
limω→0 ωσ2(ω) can be compared to their respective
values in equilibrium at different temperatures to ex-
tract a “quasi-temperature” of these two fluids, which
we also provide in Figs. 3(a,b) and 3(c,d). Unlike in
the equilibrium superconductor, in this driven state
some normal quasiparticles remain and are heated up
by the pump up to an apparent temperature of ≈ 300
K, while the parametric drive appears to synchronize
pre-existing Cooper pairs yielding an effective superfluid
quasi-temperature of ≈ 10 K.

In Figure 4 we display the same quantities as in Fig.
3(a-d) as a function of pump pulse duration, measured at
the peak of the response, in order to study how the dis-
sipative and superfluid components are affected by pro-
longed driving. Our data reveal that, while the normal
dissipative part increases monotonously with the pump
duration (Fig. 4(a)) with no sign of saturation, the co-
herent superconducting part (Fig. 4(b)) saturates almost
exactly at the equilibrium value of the superfluid density
measured below Tc, at a pump pulse duration of ≈ 1 ps.
This value matches closely the lifetime of the resonantly
excited apical oxygen vibration, as estimated from both
the linewidth of the absorption peak in the conductiv-
ity spectrum [3] and the decay time of coherently driven
oscillations in the mid-infrared pump / second harmonic
probe experiment of Ref. [20].

Our observations show how the dynamics of synchro-
nized superfluid and heated quasiparticles is uncorrelated
as long as the drive is on. We speculate that dissipation
occurs along the nodal directions of the Brillouin zone
while the coherent response involves only the anti-nodal
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FIG. 3. (a,b) Dynamical evolution of the transient spectral weight,
∫ 75 cm−1

20 cm−1 σ1(ω)dω, indicative of dissipation, as a function
of pump-probe time delay τ , for unstretched (0.15 ps) and stretched (3 ps) excitation, respectively. The dashed line is a fit to
the data with a finite rise time and an exponential decay. (c,d) Corresponding evolution of the coherent superconducting-like
response, limω→0 ωσ2(ω). The horizontal lines indicate the 10 K equilibrium value of the superfluid density, while the shaded
area represent the time delay window for which a finite coherent response is detected. Equivalent quasi-temperatures (see main
text) are reported on the right axes. (e) Lifetime of the photo-induced superconducting state, estimated from the width of the
shaded regions in (c,d), as a function of pump pulse duration.

areas of the pseudogap. This interpretation assumes pre-
existing electron pairs without phase coherence. The pos-
sible creation of new pairs appears unlikely, as the tran-
sient superfluid density matches the value at equilibrium.

Finally, our measurement allows us to identify an ideal
excitation regime, one with drive pulses of the order of
1 ps, for which the superconducting-like response reaches
the “zero-temperature” value of the superfluid density
and is maximized in comparison to the dissipative compo-
nent, thus indicating a path for optimizing light-induced
superconductivity in bilayer cuprates.
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S1. SAMPLE GROWTH AND CHARACTERIZATION

YBa2Cu3O6.48 crystals of typical dimensions 1.5 x 1.5 x 0.4 mm were grown in Y-stabilized

zirconium crucibles. The hole doping of the Cu-O planes was adjusted by controlling the

oxygen content of the Cu-O chain layer by annealing in flowing O2 and subsequent rapid

quenching. A sharp superconducting transition at Tc = 55 K (∆Tc ≈ 2 K) was determined

by dc magnetization measurements, as shown in Fig. S1.

S2. EXPERIMENTAL SETUP AND DATA-ACQUISITION

To retrieve the photo-induced changes in the optical properties of YBa2Cu3O6.48 we per-

formed a series of mid-infrared pump / THz probe experiments with different pump pulse

durations. The YBa2Cu3O6.48 crystals were manually polished in order to expose a sur-

face which contained both an in-plane and an out-of-plane axis. They were glued on top of

cutting-edge shaped holders to prevent stray reflections from interfering with the signal from

the sample surface. These holders were installed on the cold-finger of a He-flow cryostat to

allow for temperature control.

YBa2Cu3O6.48 was photo-excited with mid-infrared pump pulses of duration variable
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FIG. S1. SQuID characterization of the DC magnetization (ZFC: zero field cooled, FC: field cooled)

across the superconducting transition.
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between 150 fs and 4.3 ps, tuned to ∼ 20 THz center frequency, in resonance to the B1u

phonon modes that were previously shown to enhance interlayer superconducting coupling.

These pump pulses were generated by difference frequency mixing of the signal and idler

outputs of an optical parametric amplifier (OPA) in a 0.4-mm thick GaSe crystal which

yielded 20-THz-center-wavelength pulses with total energy of ∼ 50 µJ and typical duration

of 150 fs. The OPA was pumped with ∼ 35 fs long pulses from a commercial Ti:Sapphire

FIG. S2. Pump-probe experimental setup. (a) The signal and idler outputs from an optical

parametric amplifier are sent to a GaSe crystal for difference frequency generation (DFG). The

duration of these pulses can be controlled by letting them propagate through optically polished

NaCl plates. (b) The MIR pump pulse (red) and the single-cycle THz probe (blue) are polarized

along the c axis of YBa2Cu3O6.48.

3



regenerative amplifier (800 nm wavelength). The duration of the pump pulses was controlled

by introducing dispersion through propagation in NaCl rods and their intensity was adjusted

using two freestanding wire-grid polarizers to keep the peak electric field constant at 2.2

MV/cm.

The pump pulses were then focused onto the sample surface, with their polarization

aligned with the c axis of the YBa2Cu3O6.48 crystal. The typical pump spot size was ∼ 0.5

mm allowing for a homogenous illumination of the probed area. A maximum fluence of ∼ 30

mJ/cm2 could be achieved, allowing to maintain a 2.2 MV/cm peak field at the longest pulse

duration of 4.3 ps.

The transient reflectivity changes after photo-excitation were retrieved via time-domain

THz spectroscopy using single cycle THz pulses generated by illuminating a commercial

photoconductive antenna with 800-nm pulses. These probe pulses, polarized along the c

axis of the YBa2Cu3O6.48 crystal, were focused at normal incidence onto the sample surface

on a spot of <∼ 0.3 mm diameter. After reflection from the sample surface, their electric field

was detected via electro-optic sampling in a 500-µm thick optically contacted ZnTe crystal.

This setup provided a spectral bandwidth extending from ∼ 17 to 75 cm−1.

In order to minimize the effects on the pump-probe time resolution due to the finite

duration of the THz probe pulse, we performed the experiment as described in Ref. [1].

The transient reflected field at each time delay τ after excitation was obtained by keeping

fixed the delay τ between the pump pulse and the electro-optic sampling gate pulse, while

scanning the delay t of the single-cycle THz probe pulse. The stationary probe electric field

ER(t) and the differential electric field ∆ER(t, τ) reflected from the sample were recorded

simultaneously by feeding the electro-optic sampling signal into a digitizer that sampled

individual laser pulses, and mechanically chopping the pump and probe beams at different

frequencies. ER(t) and ∆ER(t, τ) were then independently Fourier transformed to obtain

the complex-valued, frequency-dependent ẼR(ω) and ∆ẼR(ω, τ).

S3. DETERMINATION OF THE TRANSIENT OPTICAL PROPERTIES

From the frequency dependent measured quantities ẼR(ω) and ∆ẼR(ω, τ) the complex

reflection coefficient in the photoexcited state could be extracted by inverting the following

equation:

4



∆ẼR(ω, τ)

ẼR(ω)
=
r̃pumped(ω, τ) − r̃0(ω)

r̃0(ω)
(1)

The penetration depth (∼ 0.7 µm) of the excitation pulses (defined as d(ω) = c
2ω

Im[ñ0(ω)],

where ñ0(ω) is the equilibrium complex refractive index) was typically smaller than that of

the probe pulses (5-10 µm). Due to this, the probed volume was not homogenously excited

and this was taken into account using the following approach.

As the pump penetrates the material, its intensity is reduced and will induce progressively

weaker changes in the refractive index of the sample. We modelled this condition by “slicing”

the probed thickness of the material into thin layers, where we assumed that the pump-

induced changes in the refractive index were proportional to the pump intensity in the layer,

i.e., ñ(ω, z) = ñ0(ω) + ∆ñ(ω)e−αz. Here, ñ0(ω) is the equilibrium complex refractive index,

α is the attenuation coefficient at the pump frequency, and z is the spatial coordinate along

the sample thickness.

For each probe frequency ω, the complex reflection coefficient r̃(∆ñ) of such a multilayer

stack was calculated with a characteristic matrix approach [2], keeping ∆ñ as a free pa-

rameter. Equation 1 relates the measured quantity ∆ẼR(ω,τ)

ẼR(ω)
to the changes in the complex

reflection coefficient. One can extract ∆ñ by minimizing numerically:

∣∣∣∣∣
∆ẼR(ω, τ)

ẼR(ω)
− r̃(ω,∆ñ) − r̃0(ω)

r̃0(ω)

∣∣∣∣∣ (2)

The value of ∆ñ(ω) retrieved by this minimization represents the pump-induced change in

the refractive index at the surface. By taking ñ(ω) = ñ0(ω) + ∆ñ(ω), one can reconstruct

the optical response functions of the material as if it had been homogeneously transformed

by the pump.

S4. DATA-ANALYSIS AND FITTING MODELS

At each pump-probe time delay τ , the transient c-axis optical response functions were

fitted with a two-fluid model including the response of a Josephson plasma and a Drude

contribution, to account for dissipation arising from residual quasiparticles [3, 4]. In addition

5



to this, the phonon modes in the mid-infrared (150 cm−1 <∼ ω <∼ 700 cm−1) and the high-

frequency electronic absorption (ω >∼ 3000 cm−1) were modeled with a series of Lorentz

oscillators, for which the complex dielectric function is expressed as:

ε̃HF (ω) =
∑

i

Ω2
p,i

(Ω2
0,i − ω2) − iωΓi

(3)

Here, Ω0,i, Ωp,i and Γi are the peak frequency, plasma frequency, and damping coefficient of

the i-th oscillator, respectively.

The dielectric function of the two-fluid model is expressed as:

ε̃LF (ω) = ε∞ − ω2
J

ω2
− ω2

D

ω2 + iΓDω
(4)

Here, the free fit parameters are the Josephson plasma frequency, ωJ , which accounts for

the superconducting-like response, and the Drude parameters ωD and ΓD, which are plasma

frequency and scattering rate of the “normal” component. The value of ε∞ was set to 4.5,

according to previous literature [5].

In all fitting procedures a single set of fit parameters was always used to simultaneously

reproduce the real and imaginary part of the optical conductivity, σ1(ω) and σ2(ω). The

equilibrium spectra above Tc were modeled by keeping ωJ = 0, since no superfluid is present,

letting all the other parameters free to vary. The result of these fits was used as a starting

point for the transient data. In this procedure, the high-frequency terms contained in ε̃HF

were kept fixed while ωJ , ωD, and ΓD were left free to vary.

S5. EXTENDED DATA SETS

In this Section we report an extended data set from which the graphs in Fig. 2 and Fig.

3 of the main text were produced.

Figure S3 shows the complex optical conductivity, σ1(ω) + iσ2(ω), of YBa2Cu3O6.48 at

T = 100 K in equilibrium (red) and at one selected pump-probe time delay after photo-

excitation (blue circles), corresponding to the peak of the coherent response in σ2(ω) (see

also Fig. S4). We report data for different mid-infrared pump pulse durations, all taken

with the same peak field of 2.2 MV/cm. The σ1(ω) spectra show an almost frequency

6



FIG. S3. Complex c-axis optical conductivity, σ1(ω) + iσ2(ω), measured in YBa2Cu3O6.48 at

T = 100 K in equilibrium (red) and at one selected pump-probe time delay after photo-excitation

(blue circles), corresponding to the peak of the coherent, superconducting-like response. We display

data for different mid-infrared pump pulse durations (shown on the right), all taken with the same

peak field of 2.2 MV/cm. Dashed blue lines are fits performed with a model including a Josephson

plasmon and a Drude term (see Section S4). This dataset was used to produce the color plots in

Fig. 2 of the main text.
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FIG. S4. Dynamical evolution of the transient spectral weight,
∫ 75 cm−1

20 cm−1 σ1(ω)dω, indicative of

dissipation, and of the coherent superconducting-like response, limω→0 ωσ2(ω), as a function of

pump-probe time delay τ . Data are reported for different pump pulse durations, shown on top

of each pair of panels, for a constant peak field of 2.2 MV/cm. The red dashed lines are fits

with a finite rise time and an exponential decay, while the blue horizontal lines indicate the 10 K

equilibrium value of the superfluid density. The blue shaded areas represent the time delay window

for which a finite coherent response was detected. Selected data in this figure were used to produce

the plots in Fig. 3 of the main text.
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independent increase, indicative of enhanced dissipation, that will reach its maximum for

longer time delay (not shown here, see Fig. 2 and Fig. S4). The imaginary conductivity,

σ2(ω), displays instead a 1/ω-like divergence at low frequency, which saturates to a given

amplitude for pump pulses longer than ∼ 1 ps.

In Fig. S4 we report the dynamical evolution of
∫ 75 cm−1

20 cm−1 σ1(ω)dω, indicative of dissi-

pation, and limω→0 ωσ2(ω), which in a superconductor at equilibrium is proportional to

the superfluid density, for six different pump pulse durations between 0.15 ps and 4.3 ps.

For all data sets, after photo-excitation the σ1(ω) spectral weight is enhanced and then

relaxes on a time scale that clearly exceeds the pump pulse duration. A different evolution

is observed instead in limω→0 ωσ2(ω), which appears to be finite only while the system is

driven (blue shading). In this case, excitation with pulses longer than ∼ 1 ps allows the

“zero-temperature” equilibrium superfluid density to be reached (dashed horizonal line).
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