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The nonlinear driving of collective modes in quantum materials can lead to a number of striking non-
equilibrium functional responses, which merit a comprehensive exploration of underlying dynamics.
However, the coherent coupling between nonlinearly-driven modes frequently involves multiple mode
coordinates at once, and is often difficult to capture by one-dimensional pump probe spectroscopy.
One example is phonon-mediated amplification of Josephson plasmons in YBa,Cu3zOg, , @
phenomenon likely associated with the mysterious superconducting-like optical response observed in
this material. Here, we report two-dimensional nonlinear spectroscopy measurements in driven
YBa,Cus0g, «. We excite apical oxygen phonons with pairs of mutually-delayed carrier envelope
phase stable mid-infrared pump pulses, and detect time-modulated second-order nonlinear optical
susceptibility. We find that the driven phonons parametrically amplify coherent pairs of fluctuating
opposite-momentum Josephson plasma polaritons, corresponding to a squeezed state of the

Josephson plasma.

Resonant optical driving has been shown to induce transient optical
properties reminiscent of superconductivity at temperatures above the
transition temperature T, in a range of materials, including certain mole-
cular solids and cuprate compounds'™". In underdoped YBa,Cu3Og., , the
effect is based on large-amplitude excitation of c-axis apical oxygen phonon
modes using resonant mid-infrared pulses, inducing optical responses that
are representatively shown in Fig. 1a—c. These optical properties includea 1/
o divergence in the imaginary part of the THz-frequency optical con-
ductivity and a plasma edge in the reflectivity**™>".

Whether this short-lived non-equilibrium state has true microscopic
features of a superconductor, that is a rigid condensate of Cooper pairs
induced or stabilized by the optical driving, or if these effects are mainly
connected to the nonlinear response of the material is still open to a defi-
nitive answer. Recent experiments have shown that this state expels mag-
netic fields, indicating an increase in mobility alone cannot explain these
observations'’.

The details of the mechanism underlying the observed state are not yet
clarified. Not only is the analysis and interpretation of THz-frequency
optical data a source of debate'* ™, but also the theoretical efforts to con-
ceptualize and extract a microscopic mechanism for the observed phe-
nomena have not led to a conclusive set of hypotheses to be tested

experimentally”” . These challenges are also due to a lack of experimental
data that directly reports on the microscopic non-equilibrium dynamics.

In YBa,Cu;30¢_ 4, this phenomenon is connected to coherent dynamics
of Josephson plasmon polaritons (JPPs), dispersive superconducting plas-
mons sustained by Cooper pair tunneling between the CuO, planes’ .
Below T¢, where long-range superconducting coherence is well-formed
throughout the crystal, JPPs are observed in equilibrium as weakly damped
modes down to zero momentum. Above T¢, in the so-called pseudo-gap
phase, phase fluctuations cause JPPs to disappear at zero momentum, but
they may still be present”™* at finite momenta, supported by short-range
phase fluctuating superconductivity. Whilst no zero-momentum JPP mode
exists above T, the phonon drive may parametrically couple to finite
momentum JPPs both below and above T¢.

These dynamics have recently been studied in single-pump time and
angle-resolved (SHG) probe experiments®. The experimental schematic is
shown in Fig. 1d. Concomitant with mid-infrared excitation, a 30-fs ultra-
fast NIR probe pulse of center wavelength 800 nm was incident on the
sample to measure pump-induced SHG. Because equilibrium
YBa,Cu30¢, 4 is a centrosymmetric system, no (or very weak) static second
harmonic is measured in absence of the pump. However, coherent motion
of infrared-active modes, which dynamically break inversion symmetry as
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Fig. 1 | Light-induced Josephson plasmon dynamics. a Schematic of the mid-IR
pump - THz probe experiment in YBa,Cu3Og 4. The sample is excited by a mid-IR
pump pulse (yellow) polarized along the crystal c-axis, resonantly driving apical
oxygen phonon modes as indicated inside the yellow shading. The subsequent
changes in the low-frequency optical properties are sampled by a broadband, also
c-polarized THz probe pulse (grey). b Photo-induced change in the reflected THz
probe electric field at the peak of mid-IR pump-THz probe response, measured at a
base temperature of 60 K (Tc = 48 K) (c) Sample reflectivity in equilibrium (dashed
gray line) and following photo-excitation (solid dark red line at low frequencies
<3 THz, solid grey line at frequencies above), measured at a base temperature of

60 K. The photo-induced changes are highlighted by yellow shading’. d Schematic of
the mid-IR pump - time-resolved second harmonic probe experiment in the same
sample. Here, the mid-IR pump pulse (yellow) is CEP stable and the subsequent
dynamics are probed by collecting the second harmonic intensity (blue) generated
from an 800 nm femtosecond probe pulse (red) as a function of detection delay t.
Both incident pulses are polarized along the crystal c-axis. e Oscillatory contribution
to the changes in the second harmonic intensity as a function of pump-probe time
delay measured at T = 100 K, above T.. f Corresponding Fourier spectrum, high-
lighting the two resonantly excited apical oxygen phonons at 17 and 20 THz in
yellow, and the low-frequency amplified Josephson plasmon in red’.

the mode coordinates oscillate about their equilibrium positions, result in a
time-delay dependent SHG intensity Al ;. The data of Fig. 1d were inter-
preted by proposing a three-mode mixing mechanism to justify the expo-
nential amplification of low-frequency modes. The effect was discussed in
terms of parametric mixing of a zone-center high frequency phonon, and
two finite momentum JPPs. As will be discussed below, whilst the key
elements of this interpretation are likely correct, the exact details of coupling
are still not uniquely determined, leaving important aspects of the physics
not fully clarified.

In this paper, a new form of multi-dimensional spectroscopy involving
sequential excitation with two mid-infrared pulses and probing the SHG via
a NIR pulse is used to further clarify the coherent dynamics following the
phonon drive in YBa,Cu30¢, . The new observations presented here point
towards the parametric amplification of pairs of opposite-momentum JPPs
via a four-mode (rather than three-mode) mixing process with the two
resonantly-driven apical oxygen phonon modes. These amplified pairs
possibly form a squeezed state, potentially akin to non-classical states pro-
posed to reduce noise and redistribute fluctuations in photonic systems****

We next turn to a detailed description of the basic theory for the
experimental technique, revisit the evidence reported in ref. 8, and introduce
the new multidimensional measurements.

Results

Time-resolved second harmonic generation probe

The coherent, time delay dependent oscillations in Alg; induced by an
infrared-active mode Q;(w;) of a solid at frequency w; can be cast in the
stimulated hyper-Raman scattering formalism. This refers to a third-order
nonlinear mixing, in which two photons of the probe field interact with the
infrared-active mode to give rise to a hyper-Raman polarization
P2w, tw,) = aXQ) Q;(w; )E2 (w,,)". For a near-infrared probe at 800 nm
wavelength (w,, = = 375THz), thls interaction generates a sideband close to

the second harmonic frequency of the probe at 400 nm (750 THz). Provided
that the mode Q;(w;) oscillates with a constant phase for all the laser shots in
a pump-probe experiment and that the probe pulses are sufficiently short,
the radiated hyper-Raman field E;(2w,, + ;) can be measured as pump-
probe-delay dependent oscillations of the SHG intensity Alg,. In the
absence of any other electromagnetic fields on the detector, one measures
only time-delay dependent oscillations proportional to Algy yo,., ~
which occur at twice the mode frequency 2w,

>, In the Nyquist samphng
limit, this channel requires the probe pulses to be shorter than one quarter of
the oscillation period of the mode Q;(w;) and is known as homodyne
detection Al gy propm-

If interference with an auxiliary second-harmonic field takes place on
the detector, a beating contribution Algy ., ~ E;E;cos ¢ is detected
between the auxiliary field (local oscillator E;,) and the radiated hyper-
Raman field E;, leading to time delay dependent oscillations at the frequency
of the mode w;. This detection scheme relaxes the requirement on the probe
pulse duration to half the period of the oscillating mode and is generally
referred to as heterodyne detection Al gy y,,. It was reported in ref. 8 that a
spurious, time delay independent second harmonic field E;,, at 400 nm
wavelength (2w, =750 THz), was co-propagating with the time-delay-
dependent probe at the fundamental frequency w,,.. The presence of both
homodyne and of a not-well controlled heterodyne response adds a degree
of ambiguity when interpreting the one-dimensional data.

Representative data from ref. 8 are shown in Fig. le, f. The Fourier
transform spectrum shows two peaks at about 17 and 20 THz (shaded in
yellow) coinciding with the resonantly driven infrared-active apical oxygen
phonons, which are present also in the linear response at small drive
amplitudes. At the high drive fields, relevant for photo-induced
superconductivity, the spectral response is dominated by a compo-
nent near 2 THz, in the same frequency region where the photo-
induced edge was observed in the THz reflectivity (Fig. 1c). The
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momentum and temperature dependence of this peak were also
measured in ref. 8, and based on these results the peak was attributed
to large-amplitude coherent oscillations of finite-momentum JPPs.
Finally, the observed exponential scaling of the peak amplitude with
the driven phonon suggests that the finite-momentum JPPs are being
parametrically amplified.
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Model for nonlinear phonon-plasmon coupling

In ref. 8, the three-mode mixing process, sketched in Fig. 2a, was proposed to
explain the observed large-amplitude coherent excitation of finite
momentum JPPs (near 200 cm™). This model describes a nonlinear para-
metric interaction between only one of the resonantly excited apical oxygen
phonon modes (which have amplitudes denoted by Qpz, and Qp, at
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Fig. 2 | Comparison between the three and four-wave mixing models. a Left panel:
dispersion curves of the two apical oxygen phonon modes (Qrg; at 17 THz and Qqr,
at 20 THz) and of the inter-bilayer (Jp,) and intra-bilayer (Jp,) Josephson plasma
polaritons along the in-plane momentum g are shown as yellow and red dashed
lines, respectively. The mid-IR pump excites both apical oxygen phonon modes,
which parametrically amplify a pair of inter-bilayer and intra-bilayer Josephson
plasma polaritons at finite momentum qjp (black arrow) such that

Wir = Wppy (—qu) + wjpy(q;p)- The right panel depicts the energy level diagram
corresponding to this model. b Time-dependent displacement of phonon modes, the
two Josephson plasma polaritons and their average value following the photo-
excitation, simulated using the three-mode mixing model (left panel) with their
respective Fourier spectrum (right panel). The yellow shading indicates the two
driven apical oxygen phonons while the two red shading is attributed to Josephson
plasma polaritons. ¢ Simulated oscillatory component of the changes in second
harmonic intensity of the Josephson plasmons supercurrents in the heterodyne
detection limit. Left panel: the time-delay dependent second harmonic intensity in

the heterodyned detection limit following apical oxygen phonon excitation, simu-
lated using the three-mode mixing model detailed in the text, and the corresponding
Fourier spectrum using the same color shading as in (b)**. d Left panel: same
dispersion relations as in (a) now for the four-mode mixing model explained in the
text. The mid-IR pump again excites the two apical oxygen phonon modes. Now,
they parametrically amplify a pair of inter-bilayer Josephson plasmon polaritons
(Jp1) at finite momentum = g, (illustrated by the black arrow) such that

Wipy — Wiry = 2Wpp; ( * q]P). The right panel shows the energy level diagram
describing the four-mode mixing model. e Time-dependent displacement of phonon
modes, the two Josephson plasma polaritons and their average value following the
photoexcitation, simulated using the four-mode mixing model (left panel) with their
respective Fourier spectrum (right panel). With the same color shading as in (b) and
(). f Simulated oscillatory component of the changes in second harmonic intensity
of the Josephson plasmons supercurrents in the homodyne detection limit. From left
to right: same as in (c) for four-mode mixing model but in the intermediate detection
limit, using the same color shading as in (b), (c) and (e).

frequencies wyg, /2 = 17 THz and wyg, /27 = 20 THz, respectively) with a
pair of parametrically amplified finite-momentum (+g, ) JPPs (with current
coordinates Jp; and ] p, corresponding to the inter-bilayer and intra-bilayer
tunneling modes at frequencies wp; and w;p, respectively). For this effect to
explain the one-dimensional data a Hamiltonian interaction term V; =
O 2Qupi p q,Jp1q, Was proposed (see Supplementary Information).
Figure 2c shows the result of numerical simulations based on this model
carried out under the assumption of heterodyne detection, where coherent
oscillations of the driven phonons and the coupled JPPs are detected at the
modes’ eigenfrequencies. The calculations exhibit a close agreement to the
experimental data.

As already recognized in ref. 8, and as shown in Fig. 2df, the data can
also be described by an alternative parametric four-mode mixing coupling
mechanism, which describes the interaction between both resonantly driven
phonon modes Qyg, and Qpg,, and ﬂuctuating pairs of the lower frequency
JPP in the form V, = B(Qp; + Qo) 1. Jp1,—q,) (see Fig. 2d and
ref. 54). Through the mixing term B(Qp, QIR;S Up1q, ] p1,—q,)» it contains a
resonance condition Dsgueezed = PRz ~ i1 for efficient amplification of
fluctuating ]PP pairs Jpy, and Jp _, at frequency wp, where
wpy (£q,) = 2= at identically- oppos1te momenta +q,. This is espe-
cially interesting because it could lead to a squeezed state of the JPPs*>™".

Figure 2e shows the simulated dynamics of a pair of amplified plas-
mons,/p; , and/p, _, ,forasinglelaser shot, alongside the temporal phase-
averaged response (Jp, ., ). WhilstJp; , andJp, _, arebound to respond
coherently through the parametric process, the responses (Jp;, ) and
(Ip1,—q,)» averaged over many pulses, are zero. In fact, the phase of the
deference -frequency drive component Qg Q, at frequency wz, — wpg, is
phase-stable from shot to shot. Then, the phase of the parametrically
amplified JPP pairs will be set to this absolute phase, however with a zero or a
7 shift for different shots. As a result, after averaging over many excitation
pulses in the experiment, the amplified plasmon responses (Jp; q,) and
(Jp1,—q,) remain zero. This is not the case for the productJp; ; Jp; _, » which
hasa ﬁxed phase set by the Qg; Qp, drive, hence the quantity (Jp; 4 Jpy _, )
is non-zero.

Heterodyne SHG detection is blind to these dynamics. Although the
generated currents Jp; , and Jp, _, , when taken individually, are sym-
metry-odd, break the inversion symmetry and therefore emit two separate
hyper-Raman fields E; - (2w, tw; ) and E; (2w, * @y, ),
they cannot be detected in ATg, Hot ™ Ton Pl qXZlbecause the pulse averaged
responses (Jp; , ) and (Jp; _ X) are zero. On the other hand, the product
Jp1,4 Jp1,—q » Which oscillates at 2wp;, is symmetry-even and not hyper-
Raman active, hence does not modulate the SHG intensity (see Supple-
mentary Information for details).

The situation changes if one considers homodyne detection. The
measured intensity response of these fields from shot to shot is proportional

2
to Algy prom ~ Efm.wx +E]Pl_w which contains the mixing terms

~(E E} =(E  Ef =(E E . These terms
Te1+q, Tp1 44y Tp1 -, Tp1—g, Tp1,+q, " Tp1zg,
generate homodyned SHG contributions, which yield a non-zero pulse-

averaged intensity modulation at the frequency of the parametrically
amplified plasmon oscillations 2wjp, . Figure 2f shows the results of simu-
lating the single pump-SHG probe experiment using this four-mode mixing
model, here carried out under the assumption of homodyne detection with a
small heterodyne contribution. The results also show a very good agreement
with the experimental data of Fig. e, f.

To summarize, the simulations of Fig. 2 demonstrate that the three-
mode and four-mode mechanisms are indistinguishable in the single pump-
probe experiment. For completeness, we also discuss in the Supplementary
Information, how the three-mode mixing would impact on the homodyne
detection scheme and how the four-mode mixing would affect the hetero-
dyne detection, further underscoring the ambiguity in the earlier experiment.

Two-dimensional nonlinear spectroscopy experiment
In the present work this ambiguity was resolved by deploying a new form of
two-dimensional spectroscopy’®*’, based on a two-pump second-harmonic
probe scheme with the aim of directly observing the inter-mode coupling
processes responsible for the generation of coherent JPPs. The experimental
setup is sketched in Fig. 3a. The two mid-infrared excitation pulses have
electric fields denoted by E, and Ej. They resonantly drive the c-axis apical
oxygen phonon modes at two instants in time, separated by a controllable
time delay 7. The subsequent coherent dynamics of the JPP and phonon
modes are then sampled by the near-infrared probe pulse at a time delay ¢
(defined relative to the arrival time of the last excitation pulse, see Supple-
mentary Information). The cooperative nonlinear contribution to the tr-
SHG intensity Iy; from both of the pump pulses is extracted by subtracting
the isolated tr-SHG responses I, and I (to only pulse E4 and Ep, respec-
tively), from the response I, (to both the excitation pulses):
Iy, =I5 — I, — Ip. Experimentally, Iy; is obtained by mechanically
chopping the two excitation pulses at frequencies 1/2 and 1/3 of the laser
repetition rate f and measuring the tr-SHG intensity component at their
difference frequency f/6. This procedure is illustrated in Fig. 3b for an
excitation pulse delay 7= 0.5 ps between E4 and Eg. The individual tr-SHG
signals I, and I each contain a rectified response due to the third order
nonlinear mixing of the electric filed of the pump with probe (electric-field
induced SHG (EFISH)), which is then followed by coherent hyper-Raman
responses of the driven phonons and amplified plasmons. After subtraction,
Iy reveals coherent dynamics due to nonlinear terms in the system
Hamiltonian. This nonlinear response is also observed to be strongly
dependent on temperature, as shown for two sample temperatures 20 K and
295K, below and above the critical temperature T, shown in Fig. 3c.
Measurements of Iy as a function of delay 7 between the two mid-IR
pump pulses yielded the two-dimensional time domain maps shown in Fig.
4a, b again for sample temperatures of 20 K and 295 K. For early 7 and t, the
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Fig. 3 | Two-dimensional mid-IR pump - time-resolved second harmonic
generation probe. a Schematic of the same experiment as shown in Fig.1d, now
using two CEP stable mid-IR pump pulses E, and Ej separated by the excitation
time delay T with approximate fluences of 12 and 6 mJ/cm’ for E, and Ej, respec-
tively. b From top to bottom: time-resolved SHG intensities I ,, I and I ,; measured
in YBa,Cu30¢ 45 at a base temperature of 20 K (below Tc¢), following excitation by
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only E,, by only Ej (after excitation delay t) and by both pulses, respectively, at a
base temperature of 20 K (below T.). ¢ Nonlinear contribution to the time-resolved
SHG intensity shown in panel (b), given as I, — I, — I, and for base temperatures
of 20 K and 295 K (below and above T, respectively). The dashed rectangle frames
the data at later time delays, which are enlarged by a factor of 5 for clarity.
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Fig. 4 | Two-dimensional nonlinear spectroscopy of the SHG response.

a Nonlinear contributions to the time-resolved SHG intensity (as described in Fig.3)
with the excitation time delay t changing along the vertical axis, measured in
YBa,Cu;304 45 at a base temperature of 20 K (below T.). b Same as in (a) measured at
295K (above T.). The data inside the black dashed box are multiplied by 10 for
clarity. Data at both temperatures were measured with approximate fluences of

12 mJ. cm-2 and 6 m]J. cm-2 for EA and EB, respectively. ¢ Normalized two-
dimensional Fourier spectrum of the data inside the black dashed box in panel (a).
d Same as (c) for the data shown in panel (b). Four strong peaks are found at
frequency coordinates (0;17), (0,20), (-3,17), and (3,20), all in units of THz. The
Fourier transformation for the two different temperatures are performed in different
windows based on the time domain data and each 2D spectrum is normalized to its
own maximum (see Supplementary Information).

rectified component of the homodyne contribution to the nonlinear SHG
intensity dominates the response and masks the underlying coherent
phonon-plasmon dynamics. Before Fourier transformation, with the goal of
isolating the longer-lived oscillating signal component, the time-domain

data were cropped along both time axes, indicated by the black dashed boxes
in Fig. 4a, b, (see Supplementary Information). The corresponding two-
dimensional Fourier spectra, which are symmetric around the origin, are
shown in Fig. 4c, d for sample temperatures of 20 K and 295 K respectively.
Each exhibit four dominant peaks. The two peaks at zero detection frequency,
(fof) = (0;17) THz and (0;20) THz reflect homodyne-detected nonlinear tr-
SHG in response to either of the two apical oxygen phonon modes Qp; and
Qir2 (as evidenced by their positions along the vertical f, axis). The two peaks at
(-3;17) THz and (3;20) THz suggest that the dominant ~3 THz response
observed in the pump-probe experiment of Fig. 1f (ref. 8) is driven coopera-
tively by the excitation of both apical oxygen phonon modes.

We next extend the simulations in Fig. 2 to calculate the corresponding
multi-dimensional spectra, to identify the coupling mechanism leading to this
peak pattern. For the three-mode mixing model with heterodyne detection,
considered in ref. 8 and Fig. 2a—c, the resulting two-dimensional spectrum
shown in Fig. 5a displays intense peaks at (—2.5;0) THz, (2.5;0) THz, (—2.5;17)
THz and (2.5;17). These peaks arise from the nonlinear coupling between only
the lower-frequency apical oxygen phonon Qp; and the two JPPs Jp; and Jp,
(see Supplementary Information for details). Clearly, the simulated two-
dimensional nonlinear spectrum does not match the measured spectrum,
despite the agreement of the one-dimensional spectrum.

Figure 5b shows the two-dimensional spectrum resulting from the
four-mode mixing model with homodyne detection, which also exhibited
good agreement with the experiment in the one-dimensional spectrum.
Here, we find four dominant peaks at (0;17) THz, (0;20) THz, (-3;17) THz
and (3; 20) THz. All of these peaks include homodyne contributions of the
two driven phonons (as their interference produces a difference-frequency
response at 3 THz), and from their cooperative amplification of JPPs. As
discussed earlier, the homodyne detection of the amplified JPPs retrieves the
non-radiating covariance of the amplified Josephson plasmon pairs (see
Supplementary Information for a detailed discussion). This peak pattern
uniquely agrees with the experimental two-dimensional spectrum, thus
resolving the ambiguity of the single-pulse pump-probe experiment.

We also carried out both single and two-pump-tr-SHG probe
experiments in the higher-doped compound YBa,Cu;Og.,. At this doping,
the apical oxygen phonon frequencies are the same as those of
YBa,Cu30g45” """, but the zero-momentum inter-bilayer Josephson
plasma resonance wjp, is blue-shifted to 7 THz*. Figure 6a compares the
coherent contributions to the single-pump probe tr-SHG intensity for
YBa,Cu30¢ 45 (T = 48 K) and YBa,Cu304, (T, =91 K) at a sample tem-
perature of 5K. Both curves include high-frequency oscillations of the
driven phonons, while the lower-frequency oscillations are heavily sup-
pressed in YBa,Cu3Og9, compared to YBa,Cu;Og4s. Figure 6b, ¢ show
nonlinear two-dimensional spectra from YBa,Cu30g 45 and YBa,Cu3Og 95,
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respectively (see Supplementary Information for the corresponding time-
domain data). Although in both compounds the peaks appear at the same
frequency positions, the relative amplitudes of the peaks are weaker in the
YBa,Cu3049, doping.

The two-dimensional temperature-dependent measurements in both
compounds are shown in Figs. 6d, e. We find that the integrated 2D-peak
amplitudes measured in YBa,CusOg 45 consist of two components. One is
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Fig. 5 | Comparison of the simulated nonlinear two-dimensional Fourier spectra
according to three-wave and four-wave mixing models. a Simulated two-
dimensional Fourier spectrum for the three-mode mixing model as outlined in Fig.
2b, showing four peaks at corresponding frequency coordinates (—2.5;17), (2.5;17),
(—2.5;0) and (2.5;0), all in units of THz. b Simulated two-dimensional Fourier
spectrum for the four-mode mixing model as outlined in Fig. 2d, with four strong
peaks at corresponding frequency coordinates (0;17), (0;20), (—3;17) and (3;20), all
in units of THz. The red dashed box emphasizes that the four-mode mixing model is
compatible with experimental data shown in Fig. 4.

temperature-dependent, exhibits a mean-field dependence proportional to
\/1—T/T* with a characteristic temperature scale T* =380K, and is
consistent with the temperature dependence reported in ref. 8, whilst a
second component is weaker and temperature-independent. In contrast, the
integrated 2D-peak amplitudes measured in YBa,Cu;Ogg, are
temperature-independent up to 450 K, far above T = 160 K.

In the case of YBa,Cu30Og o, there is no symmetry-odd mode below a
frequency of 2 THz* and the plasmon drive is far from resonance
(2wpp; > Wy — wrgy)- Therefore, the data measured in YBa,CuzOg.o,
represents the 2D peak pattern which arises purely from homodyne mixing
of the linearly excited phonon modes. Additionally, the 2D integrated
amplitude being temperature independent implies that the excitation of the
apical oxygen phonon modes is temperature independent as was also
reported in ref. 8 based on the one-dimensional experiment.

We then attribute the temperature-dependent component of the 2D
pattern in YBa,CusOg 4 to the four-mode mixing nonlinearity. Here, the
plasmon amplification is a resonant process that dominates over the off-
resonant temperature independent phonon homodyne mixing. The rele-
vant temperature scale T* is consistent with the idea of finite frequency and
momentum JPPs (Jp, ., ) fluctuating throughout the pseudo-gap phase.

The parametric plasmon amplification observed here provides a pos-
sible explanation for the measured superconducting-like features in the
non-equilibrium THz reflectivity in YBa,Cu3Og 4. As illustrated in Fig. 7a,
excitation of apical oxygen phonon modes at 17 THz and 20 THz leads to
coherent amplification of pairs of finite momentum inter-bilayer JPPs
which fulfill the resonance condition 2wy, (£ gjp) = wigy — Wy At wWyp; &
1.5 THz. These coherently amplified superconducting modes give rise to a
characteristic plasma edge at q = 0, observed at a frequency blue-shifted
relative to the equilibrium Josephson plasma resonance. A Fresnel-Floquet
formalism was used to calculate the expected reflectivity of YBa,CuzOg 45
under these driven conditions®*” (see Supplementary Information). The
results are shown in Fig. 7b (left panel). Starting from a featureless spectrum,
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Fig. 6 | Temperature dependence of the SHG response in YBa,Cu;30g 43 and
YBa,Cu;30¢.9,. a Oscillatory component of the Mid-IR pump induced changes in
second harmonic intensity as a function of detection time delay t for YBa,Cu30Og 45
(red, T. = 48 K, excitation fluence of 5 mJ.cm™) and YBa,Cu3Og ., (blue, T. = 92 K,
approximate excitation fluence of 43 mJ.cm™ nearly eight times higher than the
underdoped measurement), both at base temperature of 5 K (below T).

(b) Corresponding normalized nonlinear two-dimensional Fourier spectrum of
YBa,Cu;0g 45 at base temperature of 20 K (below Tc), as in Fig. 4c. Excitation
fluences for E, and Eg were approximately 12 mJ.cm™ and 6 mJ.cm, respectively.
¢ Same as panel (b) for a different doping of YBa,Cu3O¢ 9,. Excitation fluences for
both E, and Ep were approximately 8 mJ.cm™. d Normalized frequency-integrated

Detection Frequency f, (ps) Temperature (K)

amplitude of nonlinear two-dimensional spectra of YBa,Cu3O¢ 45 as a function of
base temperature (red circles, see Supplementary Information for details). The thick
red line is a fit with a mean-field dependence (a + /1 — T/T*), indicating that this
quantity has a dominant contribution that dereases as temperature approaches the
pseudogap temperature T" (380 K) and a contribution that takes a constant value o
for all measured T. e Same as panel (d) for a different doping of YBa,Cu30O¢ o,. Here,
the frequency-integrated nonlinear two-dimensional amplitude does not depend on
temperature. Note that the temperature dependent data in each doping are mea-
sured under the same excitation fluence and the same two-dimensional time win-
dow for consistensy in the anaylysis.
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Fig. 7 | Four-mode mixing leading to photo-induced superconductivity in
YBa,Cu;30g 4. a lllustration of the coupling between phonon-driven amplified
Josephson plasmon polaritons, assuming the four-mode mixing model, and the
THz probe field, resulting in the observed photo-induced reflectivity edge. The mid-
IR excitation pulse (yellow) resonantly excites the two apical oxygen phonon modes
Qqr1 and Qpg, (yellow shading) which parametrically amplify pairs of inter-bilayer
Josephson plasma polaritons Jp; at frequencies wp, (+qjp) (red shading). These
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excitations renormalize the reflection coefficient, as measured by the THz probe
field at q, = 0 (grey pulses). b Comparison between experiment (left’,) and theory
(right™®,). Dashed black lines show the THz frequency reflectivity above T, in
equilibrium. Red solid lines are the THz frequency reflectivity following mid-IR
excitation. In both plots, the yellow shaded area indicates the photo-induced
changes at the photo-induced plasma edge (wpr; < 2 THz).

a reflectivity edge emerges near 1.5 THz, in good agreement with experi-
mental data (Fig. 7b (right panel))>***®.

Discussion

In summary, multidimensional nonlinear spectroscopy was used to study the
dynamics which follow strong-field excitation of the apical oxygen phonon
modes and result in the emergence of superconducting-like transient THz
frequency optical properties in YBa,Cu3Og 45. The 2D-peak pattern observed
here, consisting of the cross-peak at +3 THz, together with the photo-induced
reflectivity edge at 1.5 THz, unambiguously point towards four-mode mixing
between the two apical oxygen phonon modes and a pair of low-frequency
modes. We note also that this four-mode mixing process possibly leads to the
formation of a squeezed state of the lower frequency modes. While our results
are consistent with a four-mode mixing by a pair of any optically active modes
at 1.5 THz, the only candidates present in this frequency range below Tare the
Josephson plasma polaritons. The amplification of pairs of linearly dispersing
acoustic phonons is ruled out, as they cannot be excited by symmetry, nor can
they modulate the second harmonic. The T* temperature scale of the para-
metrically amplified state suggests that the pseudo-gap phase hosts finite fre-
quency and finite momentum JPPs.

We note that the generation of squeezed Josephson plasmons may point
towards a mechanism for phase stabilization or phase-noise reduction in an
incoherent superconductor, to be further explored by future theoretical and
experimental work. This draws a connection to the observation that a fluctu-
ating pseudo-gap phase, hosting some form of phase-incoherent super-
conductivity, is a pre-requisite for the formation of non-equilibrium coherence.
Indeed, the other material systems in which some form of light-induced
enhancement of superconductivity has been observed, namely K3 Cgo**" and k-
BEDT charge transfer salts*', also exhibit a strong vortex Nernst effect above
T It remains to be understood if some form of mode-squeezing is relevant
to thelight-induced coherence in those compounds. More generally, the results
reported here suggest a new framework for the engineering of parametrically
amplified responses in materials, with potential connections to the physics of
time crystal”” and to Floquet quantum matter’®”.

Methods

Sample preparation

The single crystals of YBa,Cu;O¢ 5 were grown in Y-stabilized zirconium
crucibles. The hole doping of the Cu-O planes was adjusted by controlling

the oxygen content of the CuO chain layer through annealing in flowing O,
and subsequent rapid quenching. A DC magnetization measurement was
carried out to determine the critical temperatures of the superconducting
transitions for the two doping levels (T.=48K for YBa,Cu;Og 45, and
T.=91K for YBa,Cu3O¢4,). The single crystals of YBa,Cu3Ogs4s and
YBa,Cu;3049, ac-surfaces were polished and mounted into an optical
cryostat with achievable temperature range of 5 to 450 K.

Optical setup

In this experiment, a 1-kHz repetition rate Tisapphire femtosecond
amplifier system (800 nm wavelength, 30 fs pulse duration) was used to
pump two two-stage optical parametric amplifiers, seeded with the same
white light continuum. The output signal pulses from the two OPAs, at
1235 nm and 1326 nm, were overlapped in a 350 um thick GaSe crystal to
generate CEP stable mid-IR pulses via the difference frequency generation
(DFG). The mid-IR pump pulse duration (~150 fs duration) and frequency
(~5 THz bandwidth, centered at 18 THz) were characterized by electro-
optic sampling in a second GaSe crystal (~50 um thickness). The mid-IR
beam was focused to a spot size of ~ 70 pm on the sample. The pump
polarization was fixed parallel to the YBa,Cu3Og , c-axis.

The pump-induced dynamics of the symmetry-odd modes in the
YBa,Cu30¢, , sample were sampled using time-resolved second harmonic
generation of the 800 nm wavelength pulses, also polarized along the c-axis,
which were focused to a spot diameter ~ 30 um and overlapped with the
mid-IR excitation pulses in a non-collinear geometry. The SH Intensity was
collected in reflection geometry and detected by a photomultiplier.

The reflected probe pulses at 800 nm wavelength, used to detect the
dynamics of symmetry-even modes, were separated from the SHG beam by
a dichroic mirror. The photoinduced time-resolved polarization rotation of
the 800 nm probe was measured by sending this beam to a half-wave plate
and a Wollaston prism and detecting the difference signal of two intensity-
balanced photodiodes.

In the nonlinear two-dimensional spectroscopy experiment, the exci-
tation by two mid-IR pulses was accomplished by splitting the DFG output
closely behind the GaSe crystal using a gold coated prism. One of the two
pulses, E, passed over a delay stage to control the excitation time delay t
and then recombined with Eg before being focused onto the sample. The
spot diameters are of order ~100 pm in this setup. Both pulses E5 and Ep
were individually characterized by electro-optic sampling. Both the time
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profile and the spectral content were not affected with respect to the single
pulse used in the one-dimensional experiments.

The time-delay dependent second harmonic intensity was detected as
detailed above for single-pulse excitation. To isolate the nonlinear con-
tribution to the SH intensity, the two excitation pulses E5 and Ep were
mechanically chopped at frequencies f7 4.,/2 and f; 45,73, With f7 4, the laser
repetition rate respectively. In this scheme, the nonlinear contribution
appears at the difference frequency of the two choppers, i.e. at f ,../6.

The time-delay dependent nonlinear polarization rotation of the
800 nm pulses was measured accordingly.

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

Code availability
The simulation codes used in this study are available from the corre-
sponding author upon reasonable request.
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