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Probing amplified Josephson plasmons in
YBa2Cu3O6+x by multidimensional
spectroscopy
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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-drivenmodes frequently involvesmultiplemode
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 YBa2Cu3O6+x, a
phenomenon likely associatedwith themysterious superconducting-like optical responseobserved in
this material. Here, we report two-dimensional nonlinear spectroscopy measurements in driven
YBa2Cu3O6+x. 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 Tc in a range of materials, including certain mole-
cular solids and cuprate compounds1–11. In underdoped YBa2Cu3O6+x, 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 include a 1/
ω divergence in the imaginary part of the THz-frequency optical con-
ductivity and a plasma edge in the reflectivity2,6–8,12.

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
observations13.

The details of themechanism underlying the observed state are not yet
clarified. Not only is the analysis and interpretation of THz-frequency
optical data a source of debate14–24, 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

experimentally25–30. These challenges are also due to a lack of experimental
data that directly reports on the microscopic non-equilibrium dynamics.

InYBa2Cu3O6+x, this phenomenon is connected to coherent dynamics
of Josephson plasmon polaritons (JPPs), dispersive superconducting plas-
mons sustained by Cooper pair tunneling between the CuO2 planes

31–36.
Below TC, 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 TC, in the so-called pseudo-gap
phase, phase fluctuations cause JPPs to disappear at zero momentum, but
they may still be present37–44 at finite momenta, supported by short-range
phase fluctuating superconductivity.Whilst no zero-momentum JPPmode
exists above TC, the phonon drive may parametrically couple to finite
momentum JPPs both below and above TC.

These dynamics have recently been studied in single-pump time and
angle-resolved (SHG) probe experiments8. 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
YBa2Cu3O6+x 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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the mode coordinates oscillate about their equilibrium positions, result in a
time-delay dependent SHG intensity ΔISH . 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 ofmulti-dimensional spectroscopy involving
sequential excitationwith twomid-infrared pulses and probing the SHGvia
a NIR pulse is used to further clarify the coherent dynamics following the
phonon drive in YBa2Cu3O6+x. 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 systems45–48.

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 ΔISH induced by an
infrared-active mode QiðωiÞ of a solid at frequency ωi 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
Pið2ωpr ±ωiÞ ¼ ∂χð2Þ

∂Qi
QiðωiÞE2

prðωprÞ49. For a near-infrared probe at 800 nm
wavelength ðωpr ¼ 375THz), this interaction generates a sideband close to

the secondharmonic frequency of the probe at 400 nm(750 THz). Provided
that themodeQiðωiÞ oscillateswith 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 Eið2ωpr ±ωiÞ can be measured as pump-
probe-delay dependent oscillations of the SHG intensity ΔISH . In the
absence of any other electromagnetic fields on the detector, one measures
only time-delay dependent oscillations proportional to ΔISH;Hom � Ei

�� ��2,
which occur at twice the mode frequency 2ωi

50–53. In the Nyquist sampling
limit, this channel requires the probe pulses tobe shorter thanone quarter of
the oscillation period of the mode QiðωiÞ and is known as homodyne
detection ΔISH;Hom.

If interference with an auxiliary second-harmonic field takes place on
the detector, a beating contribution ΔISH;Het � EiELO cos ϕ is detected
between the auxiliary field (local oscillator ELO) and the radiated hyper-
RamanfieldEi, leading to timedelay dependent oscillations at the frequency
of themodeωi. 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 ΔISH;Het . It was reported in ref. 8 that a
spurious, time delay independent second harmonic field ELO at 400 nm
wavelength (2ωpr = 750 THz), was co-propagating with the time-delay-
dependent probe at the fundamental frequency ωpr . 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. 1e, 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

Fig. 1 | Light-induced Josephson plasmon dynamics. a Schematic of the mid-IR
pump – THz probe experiment in YBa2Cu3O6.48. 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 shading6.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. eOscillatory contribution
to the changes in the second harmonic intensity as a function of pump-probe time
delay measured at T = 100 K, above Tc. 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 red8.
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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.

Model for nonlinear phonon-plasmon coupling
In ref. 8, the three-modemixingprocess, sketched inFig. 2a,wasproposed to
explain the observed large-amplitude coherent excitation of finite
momentum JPPs (near 200 cm-1). This model describes a nonlinear para-
metric interaction between only one of the resonantly excited apical oxygen
phonon modes (which have amplitudes denoted by QIR1 and QIR2 at
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frequenciesωIR1=2π ¼ 17 THz andωIR2=2π ¼ 20 THz, respectively)with a
pair of parametrically amplified finite-momentum (±qx) JPPs (with current
coordinates JP1 and JP2 corresponding to the inter-bilayer and intra-bilayer
tunnelingmodes at frequenciesωJP1 andωJP2 respectively). For this effect to
explain the one-dimensional data a Hamiltonian interaction term Vi ¼
α1q

2
xQIR1JP2;�qx

JP1;qx 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. 2d–f, the data can
also be described by an alternative parametric four-mode mixing coupling
mechanism,whichdescribes the interaction between both resonantly driven
phonon modesQIR1 and QIR2, and fluctuating pairs of the lower frequency
JPP in the form Vi ¼ βðQIR1 þ QIR2Þ2hJP1;qx JP1;�qx

i (see Fig. 2d and
ref. 54). Through the mixing term β QIR1QIR2

� �hJP1;qx JP1;�qx
i, it contains a

resonance conditionωsqueezed ¼ ωIR2 � ωIR1 for efficient amplification of
fluctuating JPP pairs JP1;qx and JP1;�qx

at frequency ωJP1, where
ωJP1 ± qx

� � ¼ ωsqueezed

2 at identically-opposite momenta ± qx . This is espe-
cially interesting because it could lead to a squeezed state of the JPPs55–57.

Figure 2e shows the simulated dynamics of a pair of amplified plas-
mons, JP1;qx and JP1;�qx

, for a single laser shot, alongside the temporalphase-
averaged response hJP1;± qx i. Whilst JP1;qx and JP1;�qx

are bound to respond
coherently through the parametric process, the responses hJP1;qx i and
hJP1;�qx

i, averaged over many pulses, are zero. In fact, the phase of the
difference-frequencydrive componentQIR1QIR2 at frequencyωIR2 � ωIR1 is
phase-stable from shot to shot. Then, the phase of the parametrically
amplified JPPpairswill be set to this absolute phase, howeverwith a zeroor a
π shift for different shots. As a result, after averaging over many excitation
pulses in the experiment, the amplified plasmon responses hJP1;qx i and
hJP1;�qx

i remain zero.This is not the case for theproduct JP1;qx JP1;�qx
, which

has afixedphase set by theQIR1QIR2 drive, hence the quantity hJP1;qx JP1;�qx
i

is non-zero.
Heterodyne SHG detection is blind to these dynamics. Although the

generated currents JP1;qx and JP1;�qx
, when taken individually, are sym-

metry-odd, break the inversion symmetry and therefore emit two separate
hyper-Raman fields EJP1;þqx

ð2ωpr: ±ωJP1;þqx
Þ and EJP1;�qx

ð2ωpr: ±ωJP1;�qx
Þ,

they cannot be detected inΔISH;Het � JP1;± qx

D E
because the pulse averaged

responses hJP1;qx i and hJP1;�qx
i are zero. On the other hand, the product

JP1;qx JP1;�qx
, which oscillates at 2ωJP1, 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

to ΔISH;Hom � EJP1;þqx
þ EJP1;�qx

���
���
2

which contains the mixing terms

� EJP1;þqx
E�
JP1;þqx

D E
¼ EJP1;�qx

E�
JP1;�qx

D E
¼ EJP1; ± qx

EJP1;∓qx

D E
. These terms

generate homodyned SHG contributions, which yield a non-zero pulse-
averaged intensity modulation at the frequency of the parametrically
amplified plasmon oscillations 2ωJP1. Figure 2f shows the results of simu-
lating the single pump-SHGprobe experiment using this four-modemixing
model, here carried out under the assumptionof homodynedetectionwith a
small heterodyne contribution. The results also showa very good agreement
with the experimental data of Fig. 1e, f.

To summarize, the simulations of Fig. 2 demonstrate that the three-
mode and four-modemechanisms 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 spectroscopy58–65, 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 EA and EB. They resonantly drive the c-axis apical
oxygen phonon modes at two instants in time, separated by a controllable
time delay τ. The subsequent coherent dynamics of the JPP and phonon
modes are then sampled by the near-infrared probe pulse at a time delay t
(defined relative to the arrival time of the last excitation pulse, see Supple-
mentary Information). The cooperative nonlinear contribution to the tr-
SHG intensity INL from both of the pump pulses is extracted by subtracting
the isolated tr-SHG responses IA and IB (to only pulse EA and EB, respec-
tively), from the response IAB (to both the excitation pulses):
INL ¼ IAB � IA � IB. Experimentally, INL 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 τ = 0.5 ps between EA and EB. The individual tr-SHG
signals IA and IB 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 drivenphonons and amplified plasmons.After subtraction,
INL 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
295 K, below and above the critical temperature TC, shown in Fig. 3c.

Measurements of INL as a function of delay τ between the two mid-IR
pump pulses yielded the two-dimensional time domainmaps shown in Fig.
4a, b again for sample temperatures of 20 K and 295 K. For early τ and t, the

Fig. 2 | Comparison between the three and four-wavemixingmodels. a Left panel:
dispersion curves of the two apical oxygen phonon modes (QIR1 at 17 THz and QIR2

at 20 THz) and of the inter-bilayer (JP1) and intra-bilayer (JP2) Josephson plasma
polaritons along the in-plane momentum qx 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
ωIR1 ¼ ωJP1 �qJP

� �þ ωJP2ðqJPÞ. The right panel depicts the energy level diagram
corresponding to thismodel. bTime-dependent displacement of phononmodes, 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. c 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-modemixingmodel detailed in the text, and the corresponding
Fourier spectrum using the same color shading as in (b)8,54. 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 ± qJP (illustrated by the black arrow) such that
ωIR2 � ωIR1 ¼ 2ωJP1 ± qJP

� �
. The right panel shows the energy level diagram

describing the four-modemixingmodel. eTime-dependent displacement of phonon
modes, the two Josephson plasma polaritons and their average value following the
photoexcitation, simulated using the four-modemixingmodel (left panel) with their
respective Fourier spectrum (right panel). With the same color shading as in (b) and
(c). 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-modemixingmodel but in the intermediate detection
limit, using the same color shading as in (b), (c) and (e).
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rectified component of the homodyne contribution to the nonlinear SHG
intensity dominates the response and masks the underlying coherent
phonon-plasmondynamics. Before Fourier transformation,with the goal of
isolating the longer-lived oscillating signal component, the time-domain

datawere croppedalong both time axes, indicated by the blackdashedboxes
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 295K respectively.
Each exhibit four dominant peaks. The two peaks at zero detection frequency,
(ft,fτ) = (0;17) THz and (0;20) THz reflect homodyne-detected nonlinear tr-
SHG in response to either of the two apical oxygen phonon modes QIR1 and
QIR2 (as evidencedby theirpositionsalong thevertical fτaxis).The twopeaks 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 phononmodes.

We next extend the simulations in Fig. 2 to calculate the corresponding
multi-dimensional spectra, to identify the couplingmechanism 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 inFig. 5adisplays intensepeaks 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 phononQIR1 and the two JPPs JP1 and JP2
(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 YBa2Cu3O6.92. At this doping,
the apical oxygen phonon frequencies are the same as those of
YBa2Cu3O6.48

37,66,67, but the zero-momentum inter-bilayer Josephson
plasma resonance ωJP1 is blue-shifted to 7 THz68. Figure 6a compares the
coherent contributions to the single-pump probe tr-SHG intensity for
YBa2Cu3O6.48 (Tc = 48 K) and YBa2Cu3O6.92 (Tc = 91 K) at a sample tem-
perature of 5 K. Both curves include high-frequency oscillations of the
driven phonons, while the lower-frequency oscillations are heavily sup-
pressed in YBa2Cu3O6.92 compared to YBa2Cu3O6.48. Figure 6b, c show
nonlinear two-dimensional spectra from YBa2Cu3O6.48 and YBa2Cu3O6.92,
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Fig. 4 | Two-dimensional nonlinear spectroscopy of the SHG response.
aNonlinear contributions to the time-resolved SHG intensity (as described in Fig.3)
with the excitation time delay τ changing along the vertical axis, measured in
YBa2Cu3O6.48 at a base temperature of 20 K (below Tc). b Same as in (a) measured at
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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
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own maximum (see Supplementary Information).
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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
YBa2Cu3O6.92 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 YBa2Cu3O6.48 consist of two components. One is

temperature-dependent, exhibits a mean-field dependence proportional toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T=T�p

with a characteristic temperature scale T* = 380 K, and is
consistent with the temperature dependence reported in ref. 8, whilst a
secondcomponent isweaker and temperature-independent. In contrast, the
integrated 2D-peak amplitudes measured in YBa2Cu3O6.92 are
temperature-independent up to 450 K, far above T* = 160 K.

In the case of YBa2Cu3O6.92, there is no symmetry-odd mode below a
frequency of 2 THz66 and the plasmon drive is far from resonance
(2ωJP1 > ωIR2 � ωIR1). Therefore, the data measured in YBa2Cu3O6.92

represents the 2D peak pattern which arises purely from homodynemixing
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 YBa2Cu3O6.48 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 (JP1; ± qx ) 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 YBa2Cu3O6+x. 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 2ωJP1ð± qJPÞ ¼ ωIR2 � ωIR1 atωJP1 �
1.5 THz. These coherently amplified superconducting modes give rise to a
characteristic plasma edge at q ¼ 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 YBa2Cu3O6.48

under these driven conditions54,69 (see Supplementary Information). The
results are shown inFig. 7b (left panel). Starting froma featureless spectrum,
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(red, Tc = 48 K, excitation fluence of 5 mJ.cm-2) and YBa2Cu3O6.92 (blue, Tc = 92 K,
approximate excitation fluence of 43 mJ.cm-2 nearly eight times higher than the
underdoped measurement), both at base temperature of 5 K (below Tc).
(b) Corresponding normalized nonlinear two-dimensional Fourier spectrum of
YBa2Cu3O6.48 at base temperature of 20 K (below Tc), as in Fig. 4c. Excitation
fluences for EA and EB were approximately 12 mJ.cm-2 and 6 mJ.cm-2, respectively.
c Same as panel (b) for a different doping of YBa2Cu3O6.92. Excitation fluences for
both EA and EB were approximately 8 mJ.cm-2. d Normalized frequency-integrated

amplitude of nonlinear two-dimensional spectra of YBa2Cu3O6.48 as a function of
base temperature (red circles, see Supplementary Information for details). The thick
red line is a fit with amean-field dependence (α+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T=T�p

), 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 α
for all measured T. e Same as panel (d) for a different doping of YBa2Cu3O6.92. 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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a reflectivity edge emerges near 1.5 THz, in good agreement with experi-
mental data (Fig. 7b (right panel))2,6,54,69.

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 YBa2Cu3O6.48. The 2D-peak pattern observed
here, consisting of the cross-peak at ±3 THz, togetherwith the photo-induced
reflectivity edge at 1.5 THz, unambiguously point towards four-modemixing
between the two apical oxygen phonon modes and a pair of low-frequency
modes.We note also that this four-modemixing process possibly leads to the
formation of a squeezed state of the lower frequencymodes.While our results
are consistentwith a four-modemixingby a pair of any optically activemodes
at1.5 THz, theonlycandidatespresent inthis frequencyrangebelowTCarethe
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 plasmonsmay 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, isapre-requisite for the formationofnon-equilibriumcoherence.
Indeed, the other material systems in which some form of light-induced
enhancementofsuperconductivityhasbeenobserved,namelyK3C60

4,9,11andκ-
BEDT charge transfer salts5,10, also exhibit a strong vortex Nernst effect above
Tc70,71. It remains to be understood if some formofmode-squeezing is relevant
to the light-inducedcoherence in thosecompounds.Moregenerally, theresults
reported here suggest a new framework for the engineering of parametrically
amplified responses in materials, with potential connections to the physics of
time crystal72–75 and to Floquet quantummatter76,77.

Methods
Sample preparation
The single crystals of YBa2Cu3O6+δ 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 flowingO2

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 (Tc = 48 K for YBa2Cu3O6.48, and
Tc = 91 K for YBa2Cu3O6.92). The single crystals of YBa2Cu3O6.48 and
YBa2Cu3O6.92 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 Ti:sapphire 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 μm thick GaSe crystal to
generate CEP stable mid-IR pulses via the difference frequency generation
(DFG). Themid-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 μm thickness). The mid-IR
beam was focused to a spot size of ~ 70 μm on the sample. The pump
polarization was fixed parallel to the YBa2Cu3O6+x c-axis.

The pump-induced dynamics of the symmetry-odd modes in the
YBa2Cu3O6+x sample were sampled using time-resolved second harmonic
generation of the 800 nmwavelength pulses, also polarized along the c-axis,
which were focused to a spot diameter ~ 30 μm 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-evenmodes, were separated from the SHGbeamby
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 aWollaston prism and detecting the difference signal of two intensity-
balanced photodiodes.

In the nonlinear two-dimensional spectroscopy experiment, the exci-
tation by twomid-IR pulses was accomplished by splitting the DFG output
closely behind the GaSe crystal using a gold coated prism. One of the two
pulses, EA, passed over a delay stage to control the excitation time delay τ
and then recombined with EB before being focused onto the sample. The
spot diameters are of order ~100 μm in this setup. Both pulses EA and EB
were individually characterized by electro-optic sampling. Both the time
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THz probe field, resulting in the observed photo-induced reflectivity edge. Themid-
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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 EA and EB were
mechanically chopped at frequencies fLaser/2 and fLaser/3, with fLaser the laser
repetition rate, respectively. In this scheme, the nonlinear contribution
appears at the difference frequency of the two choppers, i.e. at fLaser/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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