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Dynamical decoherence of the light induced interlayer coupling in YBa2Cu3O6+δ
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Optical excitation of apical oxygen vibrations in YBa2Cu3O6+δ has been shown to enhance its c axis

superconducting-phase rigidity, as evidenced by a transient blueshift of the equilibrium interbilayer Josephson

plasma resonance. Surprisingly, a transient c axis plasma mode could also be induced above Tc by the same

apical oxygen excitation, suggesting light activated superfluid tunneling throughout the pseudogap phase of

YBa2Cu3O6+δ . However, despite the similarities between the transient plasma mode above Tc and the equilibrium

Josephson plasmon, alternative explanations involving high-mobility quasiparticle transport should be considered.

Here, we report an extensive study of the relaxation of the light induced plasmon into the equilibrium incoherent

phase. These new experiments allow for a critical assessment of the nature of this mode. We determine that the

transient plasma relaxes through a collapse of its coherence length rather than its carrier (or superfluid) density.

These observations are not easily reconciled with quasiparticle interlayer transport and rather support transient

superfluid tunneling as the origin of the light induced interlayer coupling in YBa2Cu3O6+δ .

DOI: 10.1103/PhysRevB.94.224303

I. INTRODUCTION

Underdoped cuprates retain some of the properties associ-
ated with superconductivity above the transition temperature
Tc [1–7]. For instance, unlike conventional superconductors,
in which the transition to the normal state is governed by a
reduction in condensate density, superconductivity in cuprates
is also weakened by fluctuations of the order parameter phase.
These fluctuations set in below Tc [8–10] and persist above
the transition temperature [11–14]. Competing orders—such
as the charge and spin stripes found in lanthanides [15–19] and
other charge density wave states observed across a wide range
of cuprates [20–23]—may disrupt superconductivity through
order parameter modulation [24–27].
Targeted ultrafast light excitation has been recently

shown to transiently restore superconducting-like properties
above equilibrium Tc. This is most directly evidenced by
the appearance of plasma modes reminiscent of intrinsic
Josephson coupling between the CuO2 layers [28–36]. In
a first set of experiments, light induced interlayer coupling
was observed in single-layer lanthanide La1.8−xEu0.2SrxCuO4
after excitation resonant to a Cu-O stretching mode [37].
Because this effect correlates with the static charge order [38],
and because the same excitation was also shown to disrupt
stripe order in the related compound La0.1875Ba0.125CuO4 [39],
the transient appearance of superconductivity can probably
be explained in 1/8-doped single-layer cuprates as a result of
competing order melting.
More puzzling has been the response of underdoped

YBa2Cu3O6+δ [40,41], for which excitation of the apical
oxygen atoms, sitting above and below the CuO2 planes
[see Fig. 1(a)], also promotes a superconducting-like
plasma mode. Whereas the effect was correlated with
suppression of charge density wave order [42] near 1/8 hole
doping (YBa2Cu3O6.65), measurements at lower dopings
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(YBa2Cu3O6.5 and YBa2Cu3O6.45) generated light induced
coherence at even higher temperatures. Because equilibrium
charge order is weak for these doping levels, the results in
YBa2Cu3O6+δ are difficult to reconcile with a competing
order melting, and they also raise questions on the nature of
the plasma mode itself. Provided that the plasma edge can
be uniquely associated with Josephson tunneling also for
all underdoped YBa2Cu3O6+δ samples, these experiments
indicate that light induced superconductivity may result from
a more general mechanism [43,44].

II. EXPERIMENT

Here, we present a comprehensive study of the light-
induced interlayer coupling and especially its relaxation in
YBa2Cu3Ox (YBCO x). Five different compounds were
studied, consisting of underdoped x = 6.3, 6.45, 6.5, 6.6, and
optimally doped x = 7, with Tc ≃ 0K, 35K, 50K, 62K, and
90 K, respectively. The single crystals used in the experiment
[40] had typical dimensions of 2 × 2 × 1mm3. Their Tc

values were determined by direct current (dc) magnetization
measurements [see Fig. 1(b)]. YBCO 6.3 was found to be non-
superconducting down to the lowest measured temperature.

We photoexcited YBCO with ∼300 fs mid-infrared pulses,
polarized perpendicular to the CuO2 planes (along the c axis)

and with field strengths up to∼3MV/cm. These pump pulses

were tuned to 15µmwavelength, to resonantly drive a phonon

mode of B1u symmetry, involving motion of the apical oxygen

atoms [see Fig. 1(a)] [40–43]. The transient optical response

was interrogated using delayed single-cycle terahertz (THz)

pulses with spectral bandwidth covering the 0.5–2.5 THz

range. The experiment was performed in reflection geometry,

with the pump beam striking the sample at normal incidence

and the THz probe at 30°. The reflected probe field in the

absence of excitation, E(t), and the pump-induced changes to

the field at each time delay τ , 1E(t,τ ), were measured via

electro-optic sampling and then independently Fourier trans-

formed to retrieve the complex response functions of the photo-

stimulated material (see Supplemental Material S1 [45]).
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FIG. 1. Equilibrium superconducting response of YBCO and transient THz reflectivity. (a) Crystal structure of YBCO. Gray arrows indicate

the apical oxygen excitation. The unit cell can be divided into two regions, the bilayer units and the interbilayer gaps, separated by CuO2
planes. (b) Equilibrium magnetic susceptibility of the five samples of YBa2Cu3Ox , with x = 6.3 (purple), 6.45 (blue), 6.5 (red), 6.6 (green),

and 7 (orange). These correspond to hole dopings of 0.05, 0.07, 0.09, 0.12, and 0.16, respectively. The x = 6.3 sample is non-superconducting,
while the other samples have transition temperatures of Tc = 35 K, 51 K, 62 K, and 90 K, respectively. (c, top row) Change in the equilibrium
THz reflection coefficient upon cooling below Tc. Sharp edges are found in the superconducting samples at the Josephson plasma resonance

frequency. (c, bottom row) Light induced reflectivity changes measured for different T > Tc, at 0.8 ps after excitation. Fits with an effective

medium model (see main text) are displayed as dashed lines.

The same time-domain setup was also used, in the absence

of a pump beam, to determine the THz response of YBCO in its

equilibrium superconducting state. The normalized difference

|1Ẽ(ω)/Ẽ(ω)| between the c axis reflection coefficient at 5 K

and that at T & Tc was measured for all underdoped samples.

This response is dominated by Cooper pair tunneling, as the

reflectivity above Tc is flat and featureless in this frequency

range at all dopings (see Supplemental Material S2 [45]). As

shown in the top row of Fig. 1(c), a sharp edge appears for

x = 6.45, 6.5, and 6.6 at the Josephson plasma frequency ωp.

The edge position blueshifts with increasing doping x, and no

mode is found for non-superconducting YBCO 6.3.

III. RESULTS AND DISCUSSION

A. Light-induced plasma mode

The pump-induced changes in reflectivity,

1R(ω,τ = 0.8 ps)/R(ω), are displayed in the same frequency

range in the bottom row of Fig. 1(c) for all dopings at several

temperatures above Tc. These were calculated by taking

into account the pump-probe penetration depth mismatch

[37,38,40,41], as discussed in Supplemental Material S1 [45].

In analogy with the equilibrium superconducting state, the

photo-excited state is characterized by the appearance of

a reflectivity edge, the frequency of which blueshifts with

increasing doping, tracking the position of the equilibrium

Josephson plasma resonance at T ≪ Tc. In YBCO 6.3, only

a weak upturn in 1R/R was found at low frequencies,

suggesting that a mode may be appearing outside of the

probed spectral range (see later discussion).

The transient response of the light induced state could be

fitted by assuming an effective medium [40,41] consisting of a

volume 1− f that retains the optical properties of the material

at equilibrium (with complex dielectric function ε̃b = ε̃eq), and

a volume fraction f with the response of a single plasmamode,

described as ε̃a = ε̃c − 4πσ̃p/iω, where

σ̃p =
1

4π

(

ω2p

Ŵ − iω

)

. (1)
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FIG. 2. Transient complex optical conductivity. (Top row) Pump-induced changes to the imaginary conductivity 1σ2(ω) =
σ2(ω,τ = 0.8 ps)− σ2,eq(ω). Gray lines indicate 1/ω fits. A quasiparticle contribution reshapes 1σ2(ω) in YBCO 6.6. (Middle–bottom

rows) Corresponding imaginary (middle row) and real (bottom row) parts of the optical conductivity at equilibrium (gray) and at τ = 0.8 ps

(colored by doping), expressed in units ofÄ−1cm−1. Shaded regions highlight the pump-induced changes. Fits with an effective medium model

are shown as dashed lines.

The Ŵ term encompasses all scattering and decoherence

processes affecting the transient plasma mode. The effective

response ε̃E is given by the Bruggeman equation,

f

(

ε̃a − ε̃E

ε̃a + 2ε̃E

)

+ (1− f )

(

ε̃b − ε̃E

ε̃b + 2ε̃E

)

= 0. (2)

Effective medium fits to the THz reflectivity are shown as

dashed lines in Fig. 1(c).

Associated with the appearance of a plasma mode in

reflectivity, there is an increase in imaginary conductivity,

σ2(ω), which for dissipationless transport should diverge like

1/ω for ω → 0. In Fig. 2, we report the real (middle row)

and imaginary (bottom row) parts of the optical conductivity

measured at equilibrium and at τ = 0.8 ps after excitation.

The pump-induced changes to the imaginary conductivity,

1σ2(ω) = σ2(ω)− σ2,eq(ω), are also shown in the top row

of the same figure. At all dopings x 6 6.5, σ2(ω) exhibits

an enhancement toward low frequencies, while σ1(ω) shows

little change and remains gapped, as expected for the purely

inductive response of a perfect conductor. In YBCO 6.6,

where the hole concentration is higher, a small, frequency-

independent increase in σ1(ω) is observed, which we attribute

to incoherent quasiparticle excitation [46]. This contribution

also reshapes σ2(ω). Dashed lines represent here the same

effective medium fits applied in Fig. 1(c).

While signatures of light induced coherence were already

reported for YBCO 6.45–6.6 [40], here we show similar

evidence also in YBCO 6.3, which is never a superconductor

at equilibrium. As in the other compounds, this response is

identified through a positive, 1/ω-type contribution to σ2(ω),

following Eq. 1 in the limit Ŵ → 0. The associated reflectivity

edge is not clearly visible, as it remains below our THz

probe spectral window (see Supplemental Material S3 [45]

for extended data sets).

Optimally doped YBCO 7 was the only sample for which

no light induced increase in σ2(ω) could be found at any

temperature (right column of Fig. 2). The pump-induced

decrease in both σ1(ω) and σ2(ω) observed in this compound

is consistent with quasiparticle heating and supports a scenario

in which coherent interlayer transport can only be induced

in the pseudogap phase of YBCO. We also note that the

15 µm excitation wavelength only targets the apical oxygen

mode on sites with a chain oxygen vacancy (the YBCO 6

structure), and therefore the optical excitation is detuned from

the phonon resonance in optimally doped YBCO 7 [43,47]. In

Supplemental Material S4 [45], we also discuss the absence

of any light induced coherence in underdoped YBCO after

stimulation with 15 µm pulses polarized parallel to the CuO2
planes (along the a direction), resonant to an in-plane phonon

mode.

In a superconductor at equilibrium, the superfluid den-

sity is proportional to the frequency-independent quantity

ωσ2(ω)|ω→0. Along the c axis, this response, approximated

as ω1σ2(ω) = ω[σ2(ω,T < Tc)− σ2(ω,T > Tc)], measures

the component of the superfluid that contributes to interlayer

tunneling (proportional to ω2p) and can be used to quantify

the c axis Josephson coupling strength [see Fig. 3(a.1)].

Here, we take ω1σ2(ω,τ ) as a measure of light induced

interbilayer coherence. This quantity, measured at the peak

of the response, is plotted in Fig. 3(a.2) for YBCO 6.45 at

different temperatures. Its mean value, 〈ω1σ2(ω)〉, was deter-
mined across all dopings by averaging ω1σ2(ω) in the range

where it remained frequency-independent (ω . 1.8 THz).

The temperature dependence of 〈ω1σ2(ω)〉 is displayed in
Fig. 3(b-e) for all compounds, alongwith the photo-susceptible

volume fraction, f , extracted from the effective medium fits

see Eq. (2). Due to the inhomogeneous nature of the excitation,

the measured 〈ω1σ2(ω)〉 was rescaled by f at all measured

dopings.
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FIG. 3. Phase diagram of the transient state above T c. (a.1) Equilibrium changes in ωσ2(ω) across the superconducting transition, expressed

in units of THz/(Ä · cm). (a.2) Light- induced ω1σ2(ω,τ = 0.8 ps) measured in YBCO 4.5 at five different temperatures. Dashed lines indicate

the mean values, 〈ω1σ2(ω)〉, extracted to quantify the strength of interbilayer coupling (see main text). (b–e) Frequency-averaged 〈ω1σ2(ω)〉,
plotted as a function of temperature (filled circles). Equilibrium 〈ω1σ2(ω)〉 values measured at 5 K are also shown (empty circles). Diamonds
refer to the photo-susceptible volume fractions, f , extracted from effectivemediumfits. The region T < T ′′ is indicated by a colored background

for each doping. Linear fits to 〈ω1σ2(ω)〉 are displayed in this region as gray lines. At T > T ′′, 〈ω1σ2(ω)〉 is well reproduced by a mean
field behavior of the type ∝

√
1− T/T ′ (black dashed lines). (f) T ′ (red circles) and T ′′ (blue triangles) values, extracted from the fits, are

plotted on the YBCO phase diagram. The equilibrium superconducting transition Tc, determined by dc magnetization, is denoted by green

squares.

Two distinct temperature regimes are observed for

〈ω1σ2(ω)〉. Just above Tc, this quantity increases with

temperature up to a crossover point T ′′. Above T ′′, the
response follows the mean field behavior typical of a su-

perfluid, 〈ω1σ2(ω)〉 ∝
√
1− T/T ′, dropping to zero at a

temperature T ′. The T ′′ crossover temperature is estimated
by the intersection of a linear fit to the low-temperature

regime 〈ω1σ2(ω) 〉(gray line) and the mean field fit to the
high-temperature regime 〈ω1σ2(ω)〉 (black dashed line).

These two temperature scales are plotted on the phase

diagram in Fig. 3(f). The similarity between T ′ and the
T ∗ line associated with the pseudogap phase is apparent.
The T ′′ crossover appears to track the TELC scale, identi-

fied in Refs. [48,49] as the electronic liquid crystal (ELC)

temperature, where there is an onset of nematic behavior

due to collective excitations between spins. The reduction

of 〈ω1σ2(ω)〉 below this temperature suggests that the ELC
ground state may be competing with the light induced phase.

FIG. 4. Decoherence-driven relaxation of the transient state. (a) Transient ω1σ2(ω) measured in YBCO 6.45 at T = 100K, for different

pump-probe delays. A low-frequency downturn appears below a characteristic frequency ω∗. (b) Relaxation of the coherence length d =
2ωpL/ω∗ (see main text) of the transient high-mobility state. A double exponential fit is displayed as a dashed line. (c) Corresponding

relaxation of 〈ω1σ2(ω)〉, showing similar time constants. (d) Relaxation time constants of 〈ω1σ2(ω)〉, plotted as a function of temperature.
The lifetime peaks near T ′′.
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B. Relaxation of the light-induced state

We now focus on the relaxation dynamics of the transient

c axis coupling, which is characterized by a drop in the

imaginary conductivity below a frequency ω∗, along with
a decrease in the overall magnitude of ω1σ2(ω). The time

evolution of ω1σ2(ω) after excitation is shown in Fig. 4(a)

for YBCO 6.45 at 100 K, while extended data sets are

reported in SupplementalMaterial S5 [45]. The deviation from

a frequency-independent behavior for ω1σ2(ω) indicates an

effective scattering rate ω∗ ∼= Ŵ in Eq. (1) for the interlayer

coupling that increases in time, corresponding to a decrease in

the coherence length along the c axis. This is reminiscent of the

ωσ2(ω) measured in La2−xSrxCuO4 [9] andBi2Sr2CaCu2O8+δ

[11] near Tc, which was ascribed to fluctuations in the

superconducting correlation length and time scale.

The coherence length d of the transient state can be

expressed as d = 2ωpL/ω∗, where L is the interbilayer

spacing. This is plotted as a function of time delay in

Fig. 4(b). The drop in coherence follows a double exponential

fit, with fast (τ1 . 1 ps) and slow (τ2 ≃ 4 ps) relaxation

components. The overall magnitude of 〈ω1σ2(ω)〉, measured
forω > ω∗, also follows a similar decay, as shown in Fig. 4(c).
The temperature dependence of the 〈ω1σ2(ω)〉 relaxation
timescales is displayed in Fig. 4(d). Remarkably, τ2 increases

with increasing temperature until a turning point near T ′′ ≈
150K, and then it drops off, preserving a small but finite value

even at the highest temperature measured.

During the relaxation, a second distinct phenomenon

emerges. The light induced plasma resonance splits into two

closely spaced modes. The splitting is most clearly visualized

in the energy loss function (LF), LF(ω) = −Im[1/ε̃(ω)],
displayed in Fig. 5 for YBCO 6.45 at 200 K. At τ = 0.8 ps,

the light induced plasma mode produces a single peak in the

loss function, centered near ωp, while at τ = 1.8 ps, part of

the spectral weight has blueshifted, resulting in two peaks

separated by∼1THz. Correspondingly, σ1(ω) develops a peak
at an intermediate frequency.

Spatial variations of the plasma resonance frequency, for

example, due to inhomogeneities, would simply result in

a broadening of the plasmon [32]. The appearance of two

distinct modes is instead indicative of the development of two

inequivalent interbilayer couplings. A theoretical description

of multiple, inequivalent junctions was developed in Refs. [32]

and [33] to account for the bilayer structure of YBa2Cu3O6+δ .

We employ this same model for the split resonance observed

during the relaxation dynamics, resulting in a complex dielec-

tric function ε̃2p, described by the expression:

ε∞

ε̃2p
=

ω2z̃1

ω2 − ω2p1 + iωŴ1
+

ω2z̃2

ω2 − ω2p2 + iωŴ2
. (3)

Here, ωp1 and ωp2 are the two plasma frequencies, and

Ŵ1,2 captures the incoherent contributions to the response.

The relative weights of each mode, z̃1,2, are related to the

geometry and electronic compressibility of each junction [33].

Effective medium fits, substituting ε̃a = ε̃2p in Eq. (2), are

shown as dashed lines in Fig. 5. The two responses used

in the effective medium are shown in Fig. 5(c). The peak

in σ1(ω) corresponds to a “transverse” plasma mode [33],

centered at frequency ωT =
√

z̃1ω
2
p2 + z̃2ω

2
p1. This splitting

FIG. 5. Splitting of the plasma resonance during relaxation.

(a–b) Pump-induced changes in the loss function and in the real part

of the optical conductivity, measured in YBCO 6.45 at T = 200K

at two selected time delays. The splitting of the plasma mode (b.1)

and the appearance of a peak in σ1(ω) (b.2), observed at τ = 1.8 ps,

indicate that two inequivalent interbilayer junctions have formed.

Effective medium fits to the data (see main text) are shown as dashed

lines. (c) Loss function and real conductivity of the two effective

medium components, as extracted from the fits.

of the transient plasmon is a feature of the relaxation for all

dopings, at all temperatureswhere themode could be generated

(see Supplemental Material S6 [45]).

A split Josephson plasmon could be caused by the genera-

tion of phase slips or vortices during relaxation, in a manner

similar to the thermal vortex regime that forms an extended

dome above Tc in the equilibrium phase diagram of cuprates

[8,11,13,50]. Vortices produced by an applied magnetic field

along the CuO2 planes have been shown to induce a splitting

of the equilibrium interbilayer Josephson plasmon in a similar

fashion [34,35,51]. The spatial distribution of the phase

variation determines the degree and shape of the splitting [36].

IV. SUMMARY

The most natural implication of all results reported here

involves transient light induced superconducting fluctuations

at unprecedented high temperatures [40,41]. This possibility

has been raised in previous papers, and the data reported here

provide further support to this view, especially in relation

to an alternative interpretation that posits the formation of

a plasma of high-mobility quasiparticles. Note that such a

quasiparticle plasma would have to be at the same frequency
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of the Josephson plasma edge below Tc, with the observed low

scattering rates (Ŵ . 0.5 THz), which are difficult to explain

in terms of interlayer hopping of incoherent carriers.

Most importantly, the time evolution of the transient

plasmon points to decoherence as an important driver of the

relaxation to the ground state. This occurs through a collapse

of the coherence length d (see Fig. 4) or, equivalently, via

an increase in the effective scattering rate Ŵ see Eq. (1).

In contrast, the response of Drude quasiparticles following

photo-excitation in doped semiconductors typically results in a

relaxation through a depletion of the carrier density at constant

scattering time [52,53], or with a decrease in the scattering rate

[54,55]. Finally, the observed splitting of the plasma mode,

which fits nicely in a picture of a superfluid developing phase

slips, cannot be explained by a plasma of mutually incoherent

quasiparticles.

In summary, we have reported on an extensive study of the

light induced coherent interlayer coupling in YBa2Cu3O6+δ

throughout its pseudogap phase. Both the amplitude and

lifetime of the response indicate the existence of a temperature

scale T ′′ below which the transient plasmon is suppressed.

This temperature coincides with the onset of collective spin

excitations, suggesting that spin ordering may depress light

induced coherence. Furthermore, the relaxation of the light

induced state appears to follow dynamics that are well aligned

with the loss of phase coherence in the tunneling of a

superfluid through the layers. This observation further supports

an analogy with transient superconducting fluctuations. One

challenge for future work is to extend the lifetime of the

transient state, supporting the interlayer coupling against

decoherence effects.

ACKNOWLEDGMENTS

The research leading to these results received funding from

the European Research Council under the European Unions

Seventh Framework Programme (FP7/2007-2013)/ERCGrant

Agreement No. 319286 (QMAC). We acknowledge support

from the Deutsche Forschungsgemeinschaft via the excellence

cluster ‘The Hamburg Centre for Ultrafast Imaging — Struc-

ture, Dynamics and Control of Matter at the Atomic Scale’

and the priority program SFB925.

[1] T. Timusk and B. Statt, The pseudogap in high-temperature

superconductors: An experimental survey, Rep. Prog. Phys. 62,

61 (1999).

[2] Z. A. Xu, N. P. Ong, Y. Wang, T. Kakeshita, and S. Uchida,

Vortex-like excitations and the onset of superconducting phase

fluctuation in underdoped La2−xSrxCuO4, Nature 406, 486

(2000).

[3] D. N. Basov and T. Timusk, Electrodynamics of high-Tc

superconductors, Rev. Mod. Phys. 77, 721 (2005).
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