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Optical excitation of large-amplitude apical oxygen phonon oscillations has been shown to renormalize the
electronic properties of YBa,Cu30Og.,, inducing a superconducting-like optical response above equilibrium 7¢..
All of the evidence collected so far has been based on the changes of the terahertz frequency c-axis response.
In these measurements, the capacitive interlayer coupling was seen to transform into a superconducting-like
inductive response. This assignment was strengthened by recent measurements of ultrafast magnetic field
expulsion. Here, we report an experimental determination of the transient in-plane optical properties, which
has so far been elusive due to the high equilibrium reflectivity and the need to evaluate minute changes in the
optical response. We report the appearance of a photoinduced in-plane optical gap 2A =~ 30 cm~! and a divergent
imaginary conductivity, both consistent with photoinduced superconductivity. A global fit to these data suggests
that in- and out-of-plane electronic properties never completely equilibrate during the dynamics.
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I. INTRODUCTION

When cooled below the superconducting transition tem-
perature, high-T¢ cuprates exhibit a characteristic terahertz-
frequency optical response, reflecting coherent interlayer
transport and condensation of normal state quasiparticles
[1-4]. A representative set of optical properties is displayed
in Figs. 1(a) and 1(b), where we show the complex optical
conductivity of underdoped YBa;Cu3Og¢y, along the ¢ (out-
of-plane) axis, for T 2> T¢ (red) and T < T (blue).

In the normal state, the real part of the optical conduc-
tivity, o1(w), exhibits a flat and featureless spectrum below
® ~ 100 cm~! [Fig. 1(a)]. At higher frequencies a collection
of absorption peaks is observed, assigned to infrared-active
phonons, along with a broader contribution around 400 cm™ !,
attributed to the so-called “transverse Josephson plasmon”
[5-8]. For T < T¢, a depletion in o;(w) occurs and the spec-
tral weight condenses into a zero-frequency pole, indicative
of dissipationless transport. This is reflected in the imaginary
part of the optical conductivity, o, (w), as a 1 /w divergence at
low frequency [Fig. 1(b)], which allows the determination of
the superfluid density from finite frequency measurements, as
lim,,_, o wor (w) = ”fn—e7 (here ng is the superfluid density, e the
electron charge, and m the electron mass).
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In a series of recent experiments, femtosecond midinfrared
pulses have been used to resonantly excite apical oxygen
phonon modes in underdoped YBa;Cu3O¢y, [9-16]. These
studies revealed a light-induced transient optical response
featuring signatures of a finite superfluid density along the
out-of-plane direction, as seen most directly in the transient
¢ axis o(w), which acquired the same 1/w behavior ob-
served below ¢ [9,10,14—16]. Remarkably, this photoinduced
response was observed all the way up to the pseudogap tem-
perature, T* [10,14,15]. Representative results are reported
in Figs. 1(c) and 1(d), where we show the complex opti-
cal conductivity of YBa;Cu3Og 48 measured at 7 = 100 K ~
2T¢ before (red) and after (blue) midinfrared photoexcitation
(here, the region covered by the pump spectrum is shaded in
blue) [16]. However, this analogy did not apply to the real part
of optical conductivity. In the transient state, the insulating
low-frequency o) (w) showed an increase [Fig. 1(c)], as op-
posed to a decrease upon cooling [Fig. 1(a)]. This response
could be reproduced by fitting the data with a two-fluid model,
in which a superconducting term coexisted with an over-
damped Drude absorption accounting for hot and incoherent
normal carriers [15-19].

In a recent work [16], both the enhancement of the su-
perfluid density, wo,(w), and the dissipative response of
quasiparticles, o1 (w), were investigated by systematically tun-
ing the duration and energy of the midinfrared pump pulses,
while keeping their peak field fixed. It was shown that the life-
time of the superconducting-like response coincided with the
duration of the excitation pulse, up to at least 7 >~ 4 ps. This
allowed for a determination of well-defined optical properties
over the entire probed range (as 1/t ~ 0.25 THz), removing
potential ambiguities in their low-frequency limit. It was also
found that the photoinduced superfluid density reached values
compatible with the zero-temperature equilibrium value for
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FIG. 1. (a), (b) Complex c-axis optical conductivity, o1 (w) + io,(w), of underdoped YBa,Cu;Og.,., across the equilibrium superconducting
transition. Dataat T = 60 K > T¢- (red) and T = 10 K < T¢ = 55 K (blue) are reported [2,3,10,16]. Shaded blue regions represent the changes
in the spectra across T¢. (¢), (d) Same quantities as in (a) and (b) measured in YBa,Cu3Og 45 at T = 100 K =~ 27T before (red) and after (blue)
photoexcitation with ~0.3-ps-long midinfrared pulses with a fluence of ~8 mJ/cm?. Red and blue areas in (c) and (d) represent photoinduced

changes in the spectra, while the blue shading around 600 cm™!

in (c) refers to the frequency range covered by the midinfrared pump. The

thickness of the blue lines indicates the uncertainty associated with the specific choice of model to deal with the pump-probe penetration depth

mismatch [32].

pulses made longer than the phonon dephasing time, while
the dissipative component continued to grow with increasing
pulse duration. An optimal regime of pump pulse durations
was identified, for which the superconducting response was
maximum and that of hot quasiparticles was minimized.

Overall, this series of experiments yielded a comprehen-
sive picture for the out-of-plane superconducting-like optical
response of photoexcited YBa,Cu3Og.,, addressing in detail
its dependence on doping, temperature, drive duration, and
photon energy. These results were also complemented by
the recent discovery of a transient Meissner-like magnetic
field expulsion under the same excitation conditions [20], as
well as by work with second-harmonic probes that associated
optically driven superconductivity in YBa;Cu3;Og4g with a
parametric excitation of Josephson plasmons, which are over-
damped above T¢ but would be made coherent by the phonon
drive [21-23].

Nevertheless, a number of issues remain debated [24,25].
In the experiments discussed above, the penetration depth
of the midinfrared pump (=1 um) was always shorter than
that of the terahertz probe (5-10 um). This mismatch was
taken into account by modeling the sample as a multilayered
photoexcited 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.
This approach implies that, as the pump penetrates the mate-
rial, its intensity is reduced and induces progressively weaker
changes in the refractive index of the sample. However, for a
given exponential decay of the pump intensity in the material
depth, different refractive index decay profiles are possible,
depending on the scaling of the pump-probe response with
excitation fluence. Models with linear, square-root depen-
dence, or assuming a saturation profile were analyzed [26,27],
all returning qualitatively similar changes in transient optical

properties, although different in amplitude. In Figs. 1(c) and
1(d) we show the uncertainty associated with the specific
choice of model as line thickness in oj(w) and o;(w). It
becomes evident that the superconducting-like character of
the response is preserved.

Another open issue concerns the optical response mea-
sured along the Cu-O layers. If the interlayer optical
conductivity is compatible with dissipationless transport [16]
and magneto-optical measurements return indications of a
transient Meissner effect [20], one should also expect a
superconducting-like response for probe light polarized along
the planes. This was not reported so far for underdoped
YBa;Cu3O¢4,. Transient in-plane optical properties have
been difficult to measure because of the high equilibrium
reflectivity, from which small changes in the optical response
determine the transient conductivity. Recent experiments in
La,_,Ba,CuO,, which reported a Josephson-like transient in-
terlayer response for near-infrared optical excitation, did not
detect any superconducting-like features in the in-plane re-
sponse [28]. Yet in this work excitation was achieved with
near-infrared pulses, which likely resulted in a sufficient
nonequilibrium quasiparticle density to mask any sign of tran-
sient gapping. Measurements of the in-plane dynamics after
excitation with optimized, midinfrared optical pulses have so
far been missing.

Here, we discuss an investigation of the transient optical
response of apical-oxygen-driven YBa,Cu30Og 48 at terahertz
frequencies along the direction parallel to the Cu-O layers.
We report complex optical conductivities upon photoexcita-
tion qgualitatively compatible with transient superconductivity.
However, unlike in the case of out-of-plane probing, the in-
plane properties are quantitatively different from those found
when cooling below 7y at equilibrium. We also propose a
global fitting of these three-dimensional superconducting-like
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FIG. 2. (a), (b) Complex a-axis optical conductivity, oy (®w) + io,(w), of underdoped YBa,Cu;0Og,., across the equilibrium superconduct-
ing transition. Data at T = 120 K, 200 K > T¢ (red) and T = 10 K < T¢ = 55 K (blue) are plotted [29]. Shaded blue regions represent the
changes in the spectra across T¢. (c), (d) Same quantities as in (a) and (b) measured in YBa,Cu3Og4s at T = 100 K =~ 27 before (red) and
after (blue) photoexcitation with ~0.3-ps-long midinfrared pulses with a fluence of ~8 mJ/cm?. Shaded areas in (c) and (d) highlight the
photoinduced gapping in o;(w) and low-frequency divergence in o,(w). The thickness of the blue lines indicates the uncertainty associated
with the specific choice of model to extract the transient optical properties [32].

responses. While the reliability of our fit is not completely
certain, it suggests that the in-plane and out-of-plane quasi-
particle and superfluid dynamics never equilibrate.

II. EXPERIMENT

The equilibrium optical response of a single crystal of
YBa;Cu30¢ 48 was determined with a Fourier transform in-
frared spectrometer. The absolute reflectivity was measured
for reference at T = 100 K in quasi-normal-incidence geom-
etry along the a crystallographic axes in the ~15-800 cm™!
range with the gold evaporation technique. By using literature
data [29-31] for the higher frequency range, we could perform
Kramers-Kronig transformations and retrieve the complex op-
tical conductivity (see Supplemental Material [32] for more
details and Ref. [33] for source data).

Another crystal from the same batch with similar dimen-
sions was then mounted to expose a surface determined by
the out-of-plane (||c) and one of the in-plane (||a) crys-
tallographic directions. The crystal was photoexcited using
midinfrared pump pulses generated using an optical para-
metric amplifier coupled to a difference frequency generation
stage [32]. These pump pulses were polarized along the ¢ axis
and made to propagate through dispersive, optically polished
NaCl plates before impinging on the sample. This yielded
excitation pulses with the same spectral content but duration
varying from 300 fs up to 2.5 ps.

Broadband terahertz probe pulses (215-80 cm™'), whose
polarization was set to be parallel to the a axis, were focused
on the sample and detected by electro-optical sampling after
reflection in a 500-um-thick ZnTe (110) crystal, yielding the
photoinduced changes in the low-frequency complex reflec-
tion coefficient 7#(w) as a function of pump-probe time delay
[32].

In contrast to c-axis probe experiments, in all in-plane
measurements reported here the penetration depth of the ex-
citation pulses (=1 um) was typically larger than that of the
terahertz probe (=0.2—-0.7 um). Therefore, the probe pulses
sampled a homogeneously excited volume and the transient
optical properties could then be extracted directly, without
the need to consider any pump-probe penetration depth mis-
match in the data analysis. In this case, the complex refractive
index of the photoexcited material, 7i(w, T), was directly re-
trieved from the Fresnel relation, 7i(w, T) = }:Eig , and from

this, the transient complex optical conductivity, 6 (w, 7) =

2w, T)* — ool

For consistency, all data were also analyzed with the same
multilayer models used for the out-of-plane response, yielding

very similar results [32].

III. RESULTS

As shown in Figs. 2(a) and 2(b), in the direction parallel to
the Cu-O planes (|| a) the equilibrium normal state response
of underdoped YBa,;Cu30¢,., is that characteristic of a metal
with Drude-like conductivity [29-31]: The real part, o} (w),
takes on large values, exceeding 4000 Q~' cm™!, and grows
monotonically at low frequencies, approaching the DC value,
while the imaginary part, 0,(w), exhibits a peak at finite
frequency in correspondence with the carrier scattering rate,
and becomes vanishingly small toward zero frequency. In
addition, a collection of narrow absorption peaks is observed
for @ > 100 cm™', which are assigned to infrared-active
phonons, only partially screened by the presence of mobile
carriers.

In the superconducting state below 7¢ (blue curves), the
low-frequency o (w) is strongly depleted for » < 250 cm™',
with a residual quasiparticle peak indicative of a d-wave su-
perconducting gap [29-31]. Correspondingly, o, (w) exhibits
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FIG. 3. Complex a-axis optical conductivity, oy (@) + ioy(w), measured in YBa,Cu3Og¢45 at T = 100 K in equilibrium (red) and at one
selected pump-probe time delay after photoexcitation (blue circles), corresponding to the peak of the coherent, superconducting-like response.
We display data for different midinfrared pulse durations (shown on the left), all taken with the same pump fluence of ~ 6.5 mJ/cm?>. Blue lines
are fits to the spectra with the two-fluid model described in the text [32], featuring a superconducting component described by the Zimmermann
model [35] and a second fluid made of uncondensed quasiparticles, described by a simple Drude model [36].

a 1/w-like divergence at low frequencies, which is a signature
of dissipationless transport [1].

The same type of equilibrium response has also been re-
ported along the b crystallographic axis, albeit with higher
values of the normal state conductivity [34]. However, the
b-axis electrodynamics is dominated by the Cu-O chains, an
element specific to cuprates of the YBa;Cu3Og., family and
absent in other compounds. Here, we focus our study exclu-
sively on the response along the a axis.

In Figs. 2(c) and 2(d) we report representative results
of our pump-probe experiment, in which we photoexcited
YBa,Cu30643 at T =100 K >~ 2T with 300-fs-long, c-
polarized midinfrared pulses tuned to be resonant with apical
oxygen vibrations, and then probed the a-axis complex optical
conductivity throughout its dynamical evolution. Note that
unlike for c-axis probe measurements, the absence of a pump-
probe penetration depth mismatch results in transient optical
properties that are effectively uncertainty-free, and essentially
independent of the model used to reconstruct them [see line
thickness in Figs. 2(c) and 2(d)].

For the representative time delay shown here (blue curves),
chosen to be at the peak of the response, we observe that

o1(w) reduces markedly from its equilibrium value, and de-
velops a gap at low frequencies. Correspondingly, a 1/w-like
divergence appears in o»(w) for < 30 cm~!. Both of these
features are suggestive of a superconducting-like response.
However, while the photoinduced o, (w) along the ¢ axis (see
Fig. 1) was also quantitatively very close to that measured at
equilibrium below T¢, the transient response along the a axis
is significantly smaller than the one measured in equilibrium
when cooling below T¢. First, the photoinduced o (w) gap
opens only at ® < 100 cm~! i.e., for frequencies much lower
than the equilibrium below-T¢ gap [29]. Second, o, (w) also
develops a divergence, but the value of lim,,—, o wo,(w), which
would be proportional to the superfluid density, is lower by at
least a factor of 10 than the equilibrium value. Note also that
we find no evidence of a residual Drude peak, which instead
is observed in equilibrium.

In Fig. 3 we report representative spectra for different
pump pulse durations. These data show no qualitative change,
but only a reduction in the amplitude of the response com-
pared with those in Fig. 2, presumably due to the lower peak
electric field. All complex conductivity spectra show gapping
in o1(w) and the appearance of a low-frequency divergence
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FIG. 4. Dynamical evolution of the transient spectral weight, fzz)s;ill o1(w)dw and of the coherent superconducting-like response,
lim,, .o wo,(w), as a function of pump-probe time delay, measured in YBa,Cu3;Og4s at T = 100 K upon excitation with 2.5-ps-long pulses,
for both c- and a-axis probe polarizations (top and bottom panels, respectively). Data in (a) and (b) are replotted from Ref. [16], while those
in (c) and (d) were acquired with a comparable pump fluence of ~6.5 mJ/cm?. Full lines in (a) and (c) are fits with a finite rise time and an
exponential decay, while the dashed horizontal lines in (b) and (d) indicate the 10 K equilibrium values of the superfluid density. The blue
shaded areas in the same panels represent the time delay window for which a finite coherent response was detected.

in oy(w) following photoexcitation, which combined return
a superconducting-like in-plane response (see Supplemental
Material [32] for extended data sets).

IV. FITTING PROCEDURE

The dynamical evolution of dissipation and superconduct-

ing coherence is summarized by plotting the transient o} (w)

spectral weight loss 2705 Ccr;n:ll o1(w)dw and the strength of the

inductive coupling as lim,,_, o wo (w), extracted from the indi-
vidual terahertz spectra measured at each time delay (see also
analysis in Ref. [16]).

Figure 4 displays these two figures of merit for a rep-
resentative data set, for both probe polarizations. Upon
photoexcitation the o) (w) spectral weight is enhanced along
the ¢ axis and reduced along the a axis, relaxing then on
a timescale that clearly exceeds the pump pulse duration of
2.5 ps [Figs. 4(a) and 4(c)]. A different evolution is observed
instead in lim,_ ¢ wo,(w), which appears to be finite along
both crystallographic axes only while the system is driven
[blue shading in Figs. 4(b) and 4(d)]. A first implication of
this result is that the transient conductivities from which the
data in Fig. 4 were derived are well defined only down to
1/t >~ 0.4 THz, a cutoff that is below the low-frequency limit
covered by our probe spectrum. Therefore, any ambiguity in
the definition of the optical properties does not apply to our
data with long pump pulses.

We also note that for the data set reported here,
lim,,_.o won(w) reaches, upon photoexcitation, values close
to the c-axis equilibrium superfluid density measured at low
temperature [dashed horizontal line in Fig. 4(b); see also
Ref. [16]]. This is not found instead for the response along
the planes, for which the transient “superfluid density” does
not exceed a few percent of the equilibrium value [Fig. 4(d)].

We now turn to a more detailed analysis of transient optical
properties and propose a model to fit the experimental data.
In Ref. [16], it was discussed how the photoinduced response
of the uncondensed quasiparticles and the “superfluid” were
totally decoupled and showed up separately in the real and
imaginary parts of the optical conductivity, respectively. The
transient spectra were fitted with a Josephson plasma model
in the presence of a residual Drude conductivity, with the
formula 6,(w) = gi + 6p(w). Here, w; is the Josephson
plasma frequency, while 6p(w) is an overdamped Drude term
that reproduces the temperature-dependent flat offset found in
[of] (a))

By comparing the photoinduced o (w) spectra with those
measured at equilibrium at various temperatures and assum-
ing rapid thermalization, we estimate the effective “heating”
of uncondensed quasiparticles for various pump fluences
and time delays. Maximum apparent temperature raises
up to 150—200 K were extracted, in conjunction with a
superconducting-like response in o;(w), showing two com-
pletely decoupled dynamics of coherent and incoherent
carriers.

This type of analysis is more complicated for the in-plane
response. Along the planes the low-frequency o, (w) is also
dominated by the superconducting-like coherent response [see
equilibrium spectra in Fig. 2(b)]. However, the reduction in
o1(w) found upon photoexcitation can be attributed to two
effects. On the one hand, a gapping in the optical conductivity
due to the presence of a superconducting condensate is ex-
pected. On the other, as can be seen by comparing the spectra
at equilibrium measured at 7 = 120 K and 7 =200 K in
Fig. 2(a), an increase in the quasiparticle scattering rate with
temperature also leads to a reduction in the low-frequency
o1(w) in our measurement range.

We fitted the in-plane complex conductivity of
YBa,Cu30¢ 48 for various time delays and under different
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FIG. 5. Equivalent quasitemperatures for the uncondensed quasiparticles, extracted from fits to the complex optical conductivities mea-
sured in YBa,Cu3;Og¢4g at a base temperature 7 = 100 K along both the ¢ and the a axis, as described in the text [32]. The data refer to
measurements taken in the same setup with 2.5 ps drive pulses and a pump fluence of ~6.5 mJ/cm?.

excitation conditions with a two-fluid model. The first
fluid describes the response of a superconductor with
the Zimmermann model [35], i.e., an extension of the
Mattis-Bardeen model for superconductors of arbitrary purity,
having the optical gap, 2A, as the fit parameter. The second
fluid consists instead of unpaired residual quasiparticles [36],
whose response is described by a Drude model with increased
scattering rate, I', with respect to the equilibrium value, in
order to account for carrier heating. In addition, to preserve
the total number of carriers, we introduced a filling fraction
parameter, f, so that the total fit formula is expressed as
Ga(w) = f&zim(@, 28) + (1= )T 2.

Examples of these fits are given for specific data sets in
Fig. 3 (see also Supplemental Material [32]). The divergence
found in o, (w) at low frequencies is entirely due to the su-
perconducting term, while the reduction in o)(w) is partly
to be attributed to quasiparticles heating, which appears as
a rigid downward shift and broadening, and partly to the
opening of the gap in 6z,. Typical extracted parameters are
2A~30cm™, T ~ 2T equit, and f values around 20%.

This fitting procedure can be used to extract an equivalent
temperature for the quasiparticles throughout the photoin-
duced dynamics in a similar way as reported in Ref. [16]
for the out-of-plane response. Therein, by comparing the
Drude parameters derived from the fits to the transient
spectra with those performed on the conductivities at equi-
librium for different temperatures (see also Fig. 2), we
associated a quasitemperature with each out-of-equilibrium
conductivity at different time delays and excitation conditions
[32].

We follow here the same procedure, and plot an exam-
ple of these “apparent” temperature dynamics in Fig. 5 for
data sets acquired with 2.5 ps pump pulse duration and both

probe polarizations, taken under the same excitation condi-
tions. The peak value of this estimated quasitemperature is
higher along the ¢ axis than along the planes, while the re-
laxation dynamics appears slower in the direction parallel to
the planes. These differences are presumably a result of the
inadequate fitting procedure and of the comparison with the
equilibrium spectra. It is not unlikely that other parameters,
such as the carrier effective mass (incorporated in the plasma
frequency, wp), are incorrectly assumed here to remain fixed
during the dynamics.

V. CONCLUSIONS

We reported a study of the terahertz-frequency optical
response of apical-oxygen-driven underdoped YBa;Cu3Og.
along the Cu-O planes, under the same excitation condi-
tions for which an out-of-plane superconducting-like terahertz
response and a transient magnetic field expulsion were ob-
served. We measured the complex optical conductivity along
the a axis, representative of the in-plane response, at T =
100 K =~ 27T¢ for various excitation fluences and driving pulse
durations, as a function of pump-probe time delay. Our find-
ings are qualitatively similar to those expected for a transient
superconducting response, with the opening of a gap in the
real part of the optical conductivity, o (w), and the appearance
of a low-frequency divergence in the imaginary part, oz (w).
By analyzing the dynamics of both the dissipative and the co-
herent parts of the photoinduced response we observed a very
similar evolution of the same quantities measured along the ¢
axis, finding that the coherent response in o, () persists only
as long as the drive is on. Using a two-fluid model we were
then able to consistently fit the measured spectra and extract
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physical parameters such as the equivalent quasitemperature
of uncondensed quasiparticles.

Importantly, while the data reported along the c¢ axis
showed quantitative matching with the superconducting re-
sponse measured at equilibrium below T¢, the in-plane
response yields a transient optical gap and superfluid density
lower than those observed at equilibrium.

These results, when combined with previous experiments,
suggest that the driven pseudogap phase of underdoped
YBa,Cu;0¢.,, exhibits a three-dimensional superconducting-
like optical response, an observation that complements recent
reports of an out-of-equilibrium Meissner effect. In this light,
the explanations of magnetic field expulsion by large para-
magnetism in a high-temperature cuprate with preexisting

equilibrium short-range superconducting fluctuations appear
less likely [37,38].
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