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In cuprate high-T'. superconductors, resonant excitation of certain lattice vibrations has been shown to
induce transient terahertz reflectivity features suggestive of nonequilibrium superconductivity above the
critical temperature 7.. A microscopic mechanism for these observations is still lacking. Here, time-
resolved measurements of scattering-angle- and polarization-dependent second-harmonic generation in
driven YBa,Cu;0yq  , reveal a three-order-of-magnitude amplification of a 2.5-THz electronic mode, which
is unique because of its symmetry, momentum, and temperature dependence. A theory for amplification of
finite-momentum Josephson plasma polaritons, which are assumed to be well formed below T, but
incoherent throughout the pseudogap phase, explains all these observations. A theoretical solution for the
Fresnel-Floquet reflection that starts from the coherently oscillating Josephson plasma polaritons provides
a possible mechanism for the nonequilibrium superconductorlike terahertz reflectivity reported earlier.
Beyond the immediate case of cuprates, this work underscores the role of nonlinear mode mixing to
amplify fluctuating modes above the transition temperature in a wide range of materials.
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The possibility of enhancing desirable functional proper-
ties using mode-selective electromagnetic drives has
motivated a series of studies of the nonlinear terahertz-
frequency properties in quantum materials [1-12]]. In
particular, the nonlinear excitation of apical oxygen vibra-
tions in underdoped YBa,Cu3;Og,, has been shown to
induce transient optical signatures of superconductivity up
to the pseudogap temperature 7%, as evidenced by char-
acteristic edges in time-resolved terahertz reflectivity mea-
surements [13—16]. A comprehensive understanding of this
phenomenon is still lacking, although femtosecond soft and
hard x-ray scattering measurements have underscored the
role of nonlinearly driven lattice vibrations, the melting of
competing charge orders [17], and the transient deforma-
tion of the crystal structure [18,19]. Experimentally, char-
acterization of the effect of these nonlinearly driven lattice
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vibrations calls for new methods, which should expose the
response of all modes of the system at a variety of
momenta. In particular, experiments that characterize the
dynamics of both symmetry even and symmetry odd modes
is required.

Here, femtosecond midinfrared pulses with polari-
zation aligned along the c¢ axis of YBa,Cu;Og45 and
YBa,Cu30445 [see Fig. 1(a)] were used to resonantly
drive the same 17- and 20-THz apical oxygen oscillations
that induce the superconductorlike terahertz reflectivity
discussed above. Unlike all previous measurements, the
carrier-envelope-phase (CEP) offset of the pump pulses
was stabilized [20,21], enabling subcycle sampling of the
coherent dynamics of the driven phonons, and of non-
linearly coupled excitations, in a repetitive pump-probe
experiment. Near-infrared probe pulses of 30-fs duration
and linear polarization aligned with the same c-axis
direction of the midinfrared excitation were used to
simultaneously record the time-dependent linear reflectiv-
ity AR(r) at 800-nm wavelength [Fig. 1(b)] and the time-
dependent 400-nm second-harmonic (SH) intensity
Algy(t) [Fig. 1(c)] [22]. The induced AR(z) and Algy(7)
were characterized by a prompt change as pump and probe
pulses overlapped in time, followed by a smooth decay with
superimposed coherent oscillations.
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FIG. 1. (a) Schematic of the pump-probe geometry. The 800-nm
near-IR probe (gray) and CEP stable mid-IR (MIR) pump (yellow)
pulses were polarized along the YBa,Cu3Og 45 crystal’s c-axis and
perpendicular to the CuO, planes. The resonantly excited apical
oxygen vibrations are shaded in yellow. Light at the fundamental
(gray arrow) and second-harmonic (red arrow) frequency is
reflected from the sample. (b) Time-resolved changes of the linear
reflectivity at 800-nm wavelength, showing coherent modulations
due to fully symmetric Raman phonon modes. (c) Time-resolved
second-harmonic intensity at 400-nm wavelength (red circles) and
a numerical fit to the nonoscillatory component of the signal
(dashed line). The data in (b) and (c) are shown for 5-K base
temperature and 7-MV/cm peak excitation field.

In a centrosymmetric medium, oscillations in AR(¢)
encode the coherent excitation of symmetry-even (Raman-
active) modes at zero momentum (¢ = 0). Here, two totally
symmetric A, modes at 3.7 and 5 THz are most clearly
observed, triggered by third-order coupling to the driven
apical oxygen phonon [1]. Similar measurements have
already been discussed in Ref. [23] for a different doping
and are discussed in the Supplemental Material [24].

On the contrary, oscillations in the second-harmonic
intensity Algy(f) are sensitive to coherent symmetry-odd
(infrared-active) modes [25,26], and provide important
clues for the microscopic dynamics in this material. The

underlying detection process is intuitively understood
by noting that in a medium, in which y?(wR,oR) ~0
at equilibrium, a coherent symmetry-odd mode breaks
inversion symmetry twice a cycle as it oscillates at
WOmode- Here, o denotes the frequency of the infrared
probe field E(wr) and @p.q is the frequency of the
oscillating symmetry-odd mode.

More precisely, Algy(#) is generated by a four-wave
process that mixes the field E(wyoq) Of the coherently
oscillating symmetry-odd mode with the infrared probe field
E(wR). A third-order nonlinear polarization P®)(w)=
2 (0, OR, Omoge) E(OR ) E(0R) E(0moqe) is generated at
2R £ @ pode- In the limit in which the probe pulse duration
is much shorter than the mode period 7,04 = 27/ ®odes 88
is the case here, for a fixed pump-probe time delay 7 the
third-order susceptibility ¥ (@R, @R, ®mode) can be thought
of as an effective second-order susceptibility yZ; (&, ),
which evolves with the delay ¢ and tracks the coherent
mode oscillations in time. The second-order susceptibility
in turn generates a time-delay-dependent effective second

o 2
order polarization Péfg’,(a)) = )(gff,,(a)m, oR)E(oR)E(0R)

which radiates a time-delay-dependent optical field ESZ) (@)
at the second harmonic 2w of the probe pulse. In the
present geometry, we detect this optical field together with a
second-harmonic reference field, generated before the sam-
ple, polarized along the same direction as the incoming
probe beam at 800 nm and characterized independently (see
Supplemental Material [24]). This measurement enables
detection of a heterodyned time-delay-dependent oscillation
at Wpqe in the second-harmonic intensity Algy (7). Crucially,
such heterodyned detection provides a measure of all
coherently excited symmetry-odd modes at their respective
eigenfrequencies.

Note that the above is a different measurement from
time-integrated second-harmonic generation experiments
reported extensively in the past [27], which descend from a
time-independent second-order susceptibility y* (o, @g).

In Fig. 2, we report representative time-resolved second-
harmonic data taken in the superconducting state of
YB32CU306_48 at T=5K (TC =48 K) These experi—
ments were conducted for a range of pump electric field
strengths between 300 KV /cm [see Figs. 2(a) and 2(b)] to
7 MV /cm [see Figs. 2(e) and 2(f)]. The oscillatory part of
the time-resolved second-harmonic intensity Algy(f) was
extracted from the traces displayed in Fig. 1(c) by sub-
tracting the slowly varying signal contributions. The data
shown in Fig. 2(a) (shaded in yellow), and the correspond-
ing Fourier transform in Fig. 2(b), are representative of
resonant excitation of two modes at 17 and 20 THz, which
were simultaneously driven by the broad spectrum of the
ultrashort pump pulse.

The higher field data reported in Figs. 2(c) and 2(d)
(500 KV/cm) and Figs. 2(e) and 2(f) (7 MV/cm) reflect
a nonlinear response regime, where other nonlinearly
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FIG. 2. (a),(b) Coherent SH signal at the lowest excitation field (E = 0.3 MV /cm) and the corresponding Fourier amplitude
spectrum at 7 = 5 K, well below the critical temperature 7. = 48 K. The high-frequency oscillations at 17 and 20 THz (yellow
peaks) are coherent symmetry breaking apical oxygen vibrations, resonantly driven by the excitation pulse. (c),(d) Coherent SH
response at higher excitations fields (E = 0.5 MV/cm) at the same temperature. The peaks at v; = 2.5 THz and v, = 14.5 THz
(red and magenta) are ascribed to coherent oscillations of Josephson plasma waves. (e),(f) The coherent SH response at
significantly stronger excitations (E =7 MV/cm) show the same coherences of (c) and (b), with additional modes drawn as
gray peaks. These additional peaks are dominated by those at 8.6 and 10.5 THz and label additional phonons nonlinearly
coupled to the resonantly driven lattice modes. (g) Measured amplitude of the amplified low-frequency JPP J; and the amplified
phonon amplitude Q,mpiifiea Plotted as a function of the driven apical oxygen vibration amplitude Qgsive. All quantities were
extracted from the same time trace, for different strengths of the midinfrared excitation field. The dashed line is an exponential
fit A(Qurive) = a - (e*Qwie= — 1) to the data, where the gain factor « is determined by the strength of the coupling between the
driven phonon and the JPP and g > 0 is the amplification threshold. Error bars represent the standard deviation ¢ of the
amplitudes extracted by numerical fits. (h) Full temperature dependence of the JPP peaks in (d) (shaded area) for YBa,Cu3Oq 45
(red) and YBa,Cu3Og 65 (dark red). The lines are fits to the data with a mean-field approach «+/1 — T/T’, yielding T’ = 380 K
for YBa,Cu30¢43 and T = 280 K for YBa,Cu3Og4¢s. The dashed line is the temperature dependence of the equilibrium low-
frequency Josephson plasma resonance in YBa,Cu3Ogs, which disappears at T.. (i) Temperature dependence of the amplitude
of the nonlinearly coupled infrared active phonons at 8.5 and 10 THz. Their temperature dependence from equilibrium infrared
measurements in YBa,Cu;3Og s, taken from Ref. [28], is shown as a dashed line. The data in (h) and (i) were recorded at an
excitation peak field of ~7 MV /cm. Error bars represent the standard deviation o of the amplitudes obtained by repeating the
experiment under equivalent conditions.
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coupled modes responded to the resonant excitation of
the directly driven vibrations. One nonlinearly coupled
mode (shaded in red) stands out already at the low fields
[Figs. 2(c) and 2(d)], oscillating at 2.5-THz frequency, for
which no c-axis symmetry-odd vibration is expected
[28-32]. The simultaneous measurements of the linear
reflectivity AR(¢) rule out that this oscillation results from a
coherently excited Raman mode (see Supplemental
Material [24]). The amplitude of this mode increased more
than 100-fold as the pump electric field was increased from
0.5 to 7 MV /cm [Figs. 2(d) and 2(f)], evidencing a regime
of amplification that will be analyzed in the remainder of
the paper.

Other resonances were also observed in the SH spectrum
recorded for the highest excitation fields [see Figs. 2(e)
and 2(f)], including two infrared active phonons at 8.6 and
10.5 THz (shaded in gray) [28,32] and a broad feature
centered around 14 THz, reminiscent of an intrabilayer
Josephson plasma [29]. Experiments conducted for
YBa,Cu;0g¢ 45 yielded similar results, with one amplified
mode emerging at frequencies where no infrared-active
phonons are expected, oscillating at 2.8 THz as opposed to
2.5 THz for this higher doping level (see Supplemental
Material [24]).

The  multicomponent oscillations reported in
Figs. 2(a), 2(c), and 2(d) were filtered in frequency,
and yielded the amplitude of each mode, e.g., J; x
Alsu(t)prs i, O  Qumpiified ¢ Asu(t)—g6TH, (S€€
Supplemental Material [24]). The same could be done
for Qgive x Alsy(t),_17 Tn, and we could then extract the
growth of the amplified modes as a function of the drive
J1(Qarive) and Qumpiifiea (Qarive)» as displayed in Fig. 2(g).
We found that above a characteristic threshold value for
the drive amplitude, each nonlinearly coupled oscillation
grew exponentially. The low-frequency mode J; was
amplified by at least 3 orders of magnitude in amplitude
when increasing Qg;v. by a factor of 10 [see Fig. 2(g)].
Similar exponential growth was found for the high-
frequency mode J, o< Algy(), 145 TH, @S Shown in the
Supplemental Material [24].

In Figs. 2(h) and 2(i), we report the temperature
dependence J,(T) at the two doping levels analyzed here
and Q,mpiifiea(T). These data show that the 2.5-THz
oscillations in YBa,Cu;0g4g and the 2.8-THz mode in
YBa,Cu304 65 do not follow the temperature dependence
of any one of the equilibrium modes. Indeed, in equilibrium
one finds a 1-THz frequency Josephson plasma resonance,
which disappears at 7', [see dashed curve in Fig. 2(h)], and
a number of phonon resonances, which remain large above
T, [see dashed curve in Fig. 2(i)]. On the other hand, the
quantity J,(7) plotted in Fig. 2(h) decayed only at a
characteristic temperature scale 7’. An empirical fit func-
tion proportional to /1 —T7/T' yielded T’ ~ 380 K and
T ~ 280 K for YB3.2CU3O6_48 and for the YB32CU306_65,
respectively. These temperature scales agree well with

the corresponding pseudogap temperatures 7 for each
doping [33]. Finally, this temperature dependence is differ-
ent from that of the amplified infrared active phonons [see
Fig. 2(i)], which except for an anomaly close to T, follow
the temperature dependence of the corresponding equilib-
rium phonon modes [28], remaining of constant amplitude
for all temperatures (see Supplemental Material [24]).

The symmetry of the 2.5-THz mode was measured as
sketched in Fig. 3(a), by repeating all the SH measurements
of Fig. 2 as a function of polarization angle ¢ for the
incoming 800-nm probe pulses, while the 400-nm second-
harmonic intensity was measured with an analyzer along
the ¢ axis (s polarization). All the data reported in Fig. 3
were acquired at room temperature, for which the polari-
zation dependence was very similar to those collected at
T < T.. Additional measurements with the analyzer
aligned along the a axis (p polarization) are reported in
the Supplemental Material [24]. These SH polarimetry
measurements yielded two-dimensional maps as a function
of polarization angle and pump-probe time delay, as shown
in the representative plot of Fig. 3(b). With the knowledge
of the different mode frequencies extracted from the
experiments of Fig. 2, we frequency filtered these two-
dimensional plots, and extracted time-resolved SH polar-
imetry measurements for each mode (see Supplemental
Material for details [24]). In Figs. 3(c)-3(e), we compare
the symmetry of the driven 17- and 20-THz phonons
(yellow), of the amplified 8.6- and 10.5-THz phonons
(gray), and of the 2.5-THz mode (red), displayed at one
representative time delay (¢ = 150 fs).

As shown in Figs. 3(c) and 3(d), the directly driven
phonons (yellow) and the amplified phonons (gray) reflect
a Pmm?2 space group, that is, one in which one mirror
symmetry of the equilibrium Pmmm space group is broken
periodically during the oscillation. This is consistent with
the behavior expected for the B;,-symmetry oscillations of
these phonons. In contrast with all driven and amplified
phonons, the angular dependence of the 2.5-THz mode
shown in Fig. 3(e), is unique, being indicative of a lower
symmetry for which at least two mirrors of the equilibrium
YBa,Cu30¢ ., structure are lost (Pm or lower symmetry).
In addition, and in stark contrast to the phonons, the
angular-dependent response exhibits a number of nodes,
with the electronic mode changing sign as a function of
polarization angle ¢.

We further investigated the nature of the room temper-
ature 2.5-THz mode by measuring SH spectra as a function
of outgoing scattering angle, a reporter of their in-plane
momentum. The 400-nm second-harmonic emission is
sensitive to momenta in excess of 10* cm™!, which for
the 2.5-THz excitation is far larger than the corresponding
light cone momentum accessible by linear terahertz spec-
troscopy (~80 cm™'). As sketched in Fig. 4(a), these
momentum-resolved measurements were obtained by
aligning the midinfrared pump and the 800-nm probe
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FIG. 3.

(a) Schematic of the SH polarimetry geometry. The polarization angle ¢ of 800-nm near-infrared probe pulses (gray) is

controlled by rotating a /2 waveplate. The reflected second-harmonic light (red arrow) passes through an analyzer to measure the
different polarization components individually. (b) SH signal as a function of polarization angle and pump-probe time delay, measured at
room temperature. (c)—(e) Normalized polarimetry signal of the driven phonons (yellow dots), amplified phonons (gray dots), and
amplified JPPs (red and blue dots) for an analyzer oriented along the crystal’s ¢ axis, at one time delay r = 150 fs. The SH polarimetry
signal of the two sets of phonons can be reproduced by a fit to a second-harmonic tensor with mm?2 point group symmetry (dashed line)
and the phase of the oscillations is polarization angle ¢ independent. The polarimetry signal of the amplified JPP agrees with a fit to a
point group of lower symmetry (dashed line), in which at least two mirrors are lost. The phase of the coherent oscillations is periodically
modulated with polarization angle ¢, indicated by the red and blue color coding. The SH polarimetry data were recorded at room

temperature with a peak field strength of ~5 MV /cm.

pulses collinearly with one another, and by measuring the
SH signal for a series of outgoing scattering angles using a
slit (see Supplemental Material [24]). The crucial obser-
vation is that while all directly driven (yellow) and
amplified (gray) phonon signals peaked for specular
reflection, corresponding to driven or amplified vibrations
with zero in-plane momentum (g, = 0), the 2.5-THz mode
(red) peaked at finite in-plane momenta g, = 190 cm™".

In the following, we present a possible theory that
connects the observed amplified 2.5-THz (2.8-THz) modes
to the nonlinear physics of Josephson plasma polaritons
(JPP) [34], dispersive c-axis plasma waves made up of
interlayer tunneling currents and propagating along the

CuO, planes [35]. In bilayer YBa,Cu;0¢,,, two JPP
modes are found below 7. [36,37]. At zero momentum,
these two modes are dominated by current flow between
bilayers (lower-frequency mode) and within the bilayers
(higher-frequency mode), depicted in Fig. 5(d). The zero-
momentum frequencies for these modes are well known,
although their momentum dependence has never been
documented. As the momentum along the propagation
direction changes, these JPP modes are no longer solely
made up of c-axis currents, but involve also in-plane
superflow, with a dispersion determined by the inductive
response of the planes. In Figs. 5(a) and 5(b), we display
their computed equilibrium dispersion curves, obtained
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with the same angle a. A finite-momentum transfer, due to scattering of propagating modes, appears as a deflection A@ from the specular
deflection (red arrows). (b)—(d) Momentum distribution of the driven phonons, amplified phonons, and amplified JPPs, measured at
room temperature. Panel (d) shows the raw data (light red) together with deconvolved data (dark red), using the measured Gaussian
profile of the ¢ = 0 pump electric field induced SH response. The gray shaded areas denote the maximum accessible momentum of the
experiment. For all the raw data in (b)—(d), error bars represent the standard deviation ¢ of the amplitudes extracted from numerical fits to
the time-resolved second-harmonic intensity changes. The error bars of the deconvolved data (d) are determined from the deviation of
the least squares fit, used in the deconvolution, to the raw data points (see Supplemental Material [24]). The data were recorded at room

temperature with a peak field strength of ~5 MV /cm.

from known zero-momentum frequencies and in-plane
inductance (see Supplemental Material for details [24]).

To derive the nonlinear equations of motion for these JPP
modes, and the coupling to the driven lattice vibrations, one
first needs to supplement Maxwell equations with the
relations between the supercurrents and electromagnetic
fields [38]. The latter can be obtained directly from the
kinetic energies of the interlayer tunneling and of the in-
plane superflow, referred to here as Ej, and Ej pjanes
respectively. The expression for these energies is E; i, =
_Jn.n+1 cos[&n - 9n+1 - (26/0) fzznnﬂ AZdZ] and EJ,plane =
% psv2. Here, 6,(x,y,t) is the order parameter within each
CuO, layer n, p, denotes the local superfluid density, and
vy = V,,0, — (2¢/c)A is the in-plane superfluid velocity,
which itself is a function of the in-plane order parameter
gradient V, 0, and of the vector potential A. In these
expressions, 2e is the Cooper pair charge and c¢ the speed
of light.

The apical oxygen phonons excited by the pump to
amplitude Qe are symmetry odd, and therefore modify
the local superfluid densities in the YBa,Cu;0q, , bilayer
structure in a way that is antisymmetric with respect to the
two layers, 8psq12) o £Quive [38]. The effect of these
vibrations on the in-plane superflow is then to increase and

decrease the in-plane kinetic energy Ej jjqe in neighboring
planes in an oscillatory fashion, which can be written as
S8E} plane = Ops1v23 + Opsav2, (see Supplemental Material
for details [24]). This expression can be rewritten as
5E.I,plane(t) & erive(t)(vsl - UsZ)(Usl + UsZ) or, eqUiva'
lently, as OE; pane(?) ¢ Qurive(t)J1J2, as the apical
oxygen oscillations of coordinate Qg4,. and the two
finite-momentum tunneling modes are excited with J;
V51 — vy and J, & vy + vy, respectively. Intuitively, the
c-axis currents J; and J, are driven by the lattice excitation
because the changes in the in-plane kinetic energy also
perturb the in-plane gradients of the order parameter phase
V, ,0,, which then, through the second Josephson relation
Jons1 =J.sin(A0, ,, 1), makes the c-axis tunneling de-
pendent on the in-plane spatial coordinate. The equations of
motion for the JPPs are then

Ji+ 27/J,J1 + 0)31 (gx1-9y1)J1 = —aq* Qurive (1),
I+ 2712J2 + 03,(422+ 4y2) )2 = —aq* Qurive ()71,
where ®; (q.i,q,;) describe the in-plane equilibrium

dispersion. These equations predict three-wave mixing
between the apical oxygen phonons Qg and the upper
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FIG.5. (a) Dispersion of the interbilayer (/) and intrabilayer (J,) JPP modes along the in-plane momenta g, and ¢, in YBa,Cu;30q 5.
The red lines are a cut through the g, = 0 plane. The apical oxygen phonon mode at 17 THz (yellow) does not disperse along either
direction. The three-wave scattering process is sketched as red and blue arrows and results from a numerical simulation in response to
the resonant drive of the apical oxygen phonon at ¢ = 0 are shaded in the same colors. The response vanishes along ¢,, parallel to the
light propagation direction. (b) Detailed insight into the simulation results along g, for g, = 0. The driven phonon with zero momentum
excites a pair of JPPs, J; and J,, with opposite wave vectors g;pp and frequencies that add up to the phonon frequency. The two
processes for mirrored momentum transfer are shown as red and blue arrows, respectively. (¢) Amplitude of the JPPs obtained
integrating along the vertical frequency axis of (b). The amplitude is zero for ¢, = 0, and peaks at ¢, = £200 cm~". (d) Sketch of the
two JPPs at ¢ = 0, with the supercurrents oscillating in phase (J;) or out of phase (J,) for the low- and high-frequency mode,
respectively. The thicknesses of the arrows indicate the supercurrent strengths within and between the bilayers. (¢) Simulated excitation-
strength dependence (dashed line) of the low-frequency 2.5-THz oscillations, together with the experimental data (dots) from Fig. 2(g).
(f),(g) Sketch of the real-space symmetries of the finite-momentum amplified JPP (m or lower) and the driven apical oxygen vibration
(mm?2). The in-plane currents (black arrows) and the resulting finite-momentum JPP (red and magenta lines) break the x,z and y, z
mirror planes. The optical B,-symmetry phonons break the x, y mirror plane only.
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and lower JPPs, leading to the excitation of damped
harmonic oscillations for J; and J, at finite momenta
along the two-dimensional dispersion curves of Fig. 5(a),
with a driving term ag” Qe ()J2.1. Note that the driving
term depends on the momentum of the JPP as ¢, hence it
vanishes for long wavelengths (¢ = 0) but naturally cou-
ples to supercurrents at finite in-plane wave vectors, as
observed experimentally in the measurements of Fig. 4.
The two equations predict further that the phonon excites
pairs of JPPs with frequencies that satisfy w; + w, =
@grive> and opposite in plane momenta (g, = —¢q,, Or
qy1 = _qu)‘

A numerical solution of these equations of motion is
displayed in the color-coded JPP dispersion of Figs. 5(a)
and 5(b). There, the three-wave mixing process is shown to
couple the driven phonon to JPPs at in-plane momenta
g, ~200 cm™" [see Fig. 5(c)] where phase matching is
fulfilled. The linear dependence of the driving terms on J; ;
requires nonvanishing Josephson current amplitudes to
seed this process. This is numerically accomplished by
including stochastic variations of the supercurrents, equiv-
alent to small phase fluctuations between the CuO, layers
that will be transiently synchronized by the coupling to the
optically excited phonon Q.. Note that the momentum at
which excitation of J; and J, is expected matches very well
the experimental findings reported in Fig. 4, despite it being
obtained here from first principles and starting from the
documented inductive response of YBa,Cu;Og,,. Yet,
the theory does not capture the experimentally observed
asymmetry in peak amplitudes between the two scattering
directions, which can most likely be attributed to the
oblique experimental geometry. Since the midinfrared
pump field and hence the driven phonons extend in the
direction perpendicular to the optical surface only over a
skin depth of ~1.5 um, phase matching is inefficient along
y. Hence, the excited pairs of high (intrabilayer) and low
(interbilayer) frequency JPPs propagate along the optical
surface like J, (w1, +q,) and J,(@,, —q,), or J{ (@1, —q,)
and JQ(LUz, +qx)

The theoretically predicted energy and momentum
matching is consistent with the experimentally determined
frequency resonance (@give ~ 17 THz, ®; ~ 2.5 THz,
@, ~14.5 THz), documented in the Supplemental
Material [24], and is also consistent with the reported
momentum-resolved measurements of Fig. 4. Furthermore,
the calculated exponential amplification of the JPP,
shown in Fig. 5(e), resembles the experimental results
reported in Fig. 2.

Finally, the calculated real-space current patterns of these
finite-momentum modes are sketched in Fig. 5(f) and
compared to the real-space oscillations of the driven apical
oxygen mode in Fig. 5(g). As explained by the theory,
in-plane currents (drawn as black arrows) drive finite-
momentum c-axis tunneling currents J; and J, (dashed
lines), which break the two mirror planes perpendicular to

the CuO, layers (m,,, and m_,), in agreement with the SH
polarimetry signal reported in Fig. 3.

In the following, we show that this theory naturally
explains also the transient reflectivity edges reported in
previous time-resolved terahertz probe experiments. The
three-wave mixing excitation results in two counterpropa-
gating JPPs with opposite momentum =+g¢pp, Which
interfere to produce a standing wave pattern of the super-
conducting phase € along the sample surface x direction
[see Fig. 6(a)] as 6(x,t) = 6, cos(qpp - x) sin(wypp - 7).
Through the Josephson equations, the dynamics of the
phase 6(x, ) can be recasted as a source of modulation
of the in-plane superfluid density p,(x,t) at ¢, =0 as
ps(x,1) = pgocos[@(x, 1)], sketched in Fig. 6(b). For finite
excursions of the condensate phase [0(x, ) < 7/2], two
salient features emerge at lowest-order expansion, that
is, a spatial modulation of the superfluid density at 2¢;pp
and a temporal modulation at 2€2(g;pp) at in-plane momen-
tum g, = O:

ps(x.1) % pso(1 — {0G + 05 cos(2q,p - x)
— 05 cos[2Q(qypp) - 1]

— 05 cos(2qypp - x) cos[2Q(qypp) - 1]}/4).

Figure 6(c) illustrates this scenario. The two counter-
propagating JPPs at £¢;pp combine (red and blue arrows)
to emit two photons [each frequency €2(gypp)] at zero
momentum. Naturally this process leads to parametric
amplification of an optical terahertz probe at the same
frequency.

From this model, following the Fresnel-Floquet
approach described in Ref. [38], the transient terahertz
reflectivity [13—16] can be computed both below and above
T.. Below T, as shown in Figs. 6(d) and 6(e), the theory
predicts an additional plasma edge close to (gpp),
notably above the equilibrium Josephson plasma edge of
~1 THz. This prediction compares well with the exper-
imental reports, summarized in Figs. 6(h) and 6(i). In the
temperature range 7, < T < T*, the featureless equilib-
rium terahertz reflectivity is retrieved in these simulations
by assuming the same interlayer Josephson coupling
strength observed below T, with a sizable increase in
dephasing, as to make the JPP overdamped [38]. For a
strong drive of the apical oxygen phonon, the plasma edge
is predicted to reemerge close to Q(gpp) [see Figs. 6(f)
and 6(g)], again blueshifted with respect to the below-T,
equilibrium resonance. At this frequency parametric
driving compensates dissipation most efficiently and
revives the features of the dissipationless state. In
Figs. 6(j) and 6(k), we compare these calculations to
experimental terahertz reflectivity data reported for a
YBa,Cu3 04 5 sample in Ref. [14] and find good agreement.

We conclude by noting that other trends in the data are
supported by the line of argument laid out in this paper.
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FIG. 6. (a) Two counterpropagating JPPs with in-plane momentum ¢;pp periodically modulate the superconducting order parameter
0(x, t) along the x axis. (b) Resulting spatial and temporal (shaded gray) modulation of the superfluid density p(x, ) around its
equilibrium value p,,. The zero-momentum temporal modulation proceeds at twice the Josephson plasma frequency 2Q(qpp).
(c) Frequency-momentum diagram of the parametric amplification that drives the terahertz emission. The two counterpropagating JPPs
(red and blue shaded regions) add in energy and momentum to emit two ¢, = 0 THz photons, each of frequency Q(gypp). (d),(e)
Calculated photoinduced (red) and equilibrium (gray) terahertz reflectivity below 7. and the normalized reflectivity changes
AR(w,t)/Ry, respectively. The finite-momentum JPP induces a second plasma edge at a frequency close to 2(gpp) and overall
enhancement of the reflectivity above the equilibrium plasma edge. (f),(g) Calculated photoinduced (red) and equilibrium (gray)
terahertz reflectivity above 7. and the normalized reflectivity changes AR(w, t)/R,, respectively. Excitation of the apical oxygen
vibration leads to the appearance of a plasma edge at a frequency close to Q(g;pp), Which is clearly visible in the normalized reflectivity
changes AR(w,t)/R,. Panels (h)—(k) show the same features, observed experimentally in time-resolved terahertz reflectivity
measurements after resonant excitation of apical oxygen oscillations (Ref. [14]).

The observed doping dependence for the induced reflec-  fulfill this condition along the dispersing branches of the
tivity edge reported in Refs. [14,16] involves a response  JPPs, this effect is only possible for doping levels for which
that extends to 7™ for underdoped regions of the spectrum, ¢ J1.4=0 + @), 4—0 < Ogrive. This condition is fulfilled for

but becomes negligible at higher doping, falling below 7°. v a,Cu30g4s and YBa,CuzO g5, with @6 = 2.5 THz
. X 3 .65 J 1 .
The observed trends follow naturally from the requirement

of a preexisting phase incoherent superconductivity and the
need of resonant three-wave mixing discussed in Fig. 5.  Where @, + @;, > @gye at all momenta. Indeed, results
Because the three-wave mixing mechanism requires that  in YBa,Cu3O¢g, reported in Supplemental Material [24]
Dgrive = @, + @y, wWith the in-plane momentum chosento  confirm that no amplification of JPPs takes place at

6.65
J

and @} = 2.8 THz, but not for higher doping levels,
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these doping values, also in agreement with the lack of a
light-induced reflectivity edge reported in Refs. [14,16],
even for those doping values in which 7% > T.

While the present measurement is not comprehensively
addressing the entire pseudogap region of the phase
diagram, in the doping range where the parametric reso-
nance between phonons and Josephson plasma polaritons
can be fulfilled, our results can convincingly be explained if
one assumes preexisting fluctuating superconductivity up
to T*, over correlation lengths of several microns [39].
In support of this hypothesis one should mention that
although optical signatures of superconductivity at large
correlation lengths vanish at 7', [40,41], momentum inte-
grated probes, like the superconducting Nernst effect
[42—-46], measurements of electrical noise [47], and optical
spectroscopy [48], provide evidence of residual coherence
in the normal state, to be validated by more comprehensive
methods such as high-resolution resonant Inelastic x-ray
scattering [49,50] and electron energy loss probes [51].
More broadly, our experiments open up new perspectives of
frequency resonant wave mixing as a new means to control
cooperative phenomena in quantum materials.
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