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A. Sample preparation

The YBasCu3zOg5 (YBCO) single crystal used here was grown by top-seeded solution growth using a BagCusO
solvent E|] The as-grown single crystal was first annealed at 700 °C for 70 h with flowing oxygen and quenched down to
room temperature. The Laj g55r9.15CuO4 (LSCO) single crystal was synthesised by a travelling-solvent-floating-zone
method utilizing infrared radiation furnaces (Crystal system, FZ-T-4000) and annealed in oxygen gas under ambient
pressure at 600 °C for 7 days[2].

B. Femtosecond pump-probe set-up

A detailed description of the set-up used is found inB]. In a “pump-probe” experiment, a “pump” pulse excites
the sample and the induced change in transmission or reflection of a delayed probe pulse monitors the relaxation
behaviour. In the linear approximation A—RR directly tracks the electronic relaxation processes, and the time constants
obtained from fits of its dynamics are the characteristic times of the underlying relaxation processes. In our data, this
approximation is justified by two essential characteristics: (i) the % amplitude is linear in the excitation intensity
(see Figure la for LSCO), and (ii) the same decay times appear independently of the probe wavelength, only with
different spectral weights of the individual components.

In order to resolve the dynamics of fast processes very short pulses are necessary, since the instrumental response
function is given by the cross correlation between the pump and probe pulses. We use sub-10 fs probe pulses from an
ultrabroadband (covering a spectral range from 500 to 700 nm) non-collinear optical parametric amplifier (NOPA)
and ~15 fs pump pulses from a narrower band (wavelength tunable, in our case centred at 530 nm) NOPA. The seed
pulses for the NOPAs and the amplified pulses are steered and focussed exclusively with reflecting optics to avoid
pulse chirping.

A schematic of the experimental apparatus is shown in Fig. 1. The laser source is a regeneratively amplified
modelocked Ti:sapphire laser (Clark-MXR Model CPA-1), delivering pulses at 1 kHz repetition rate with 780 nm
center wavelength, 150 fs duration, and 500 pJ energy. Both NOPAs are pumped by the second harmonic of the
Ti:sapphire laser, which is generated in a 1-mm-thick lithium triborate crystal (LBO), cut for type-I phase matching
in the XY plane (0 = 90°, ¢ = 31.68°, Shandong Newphotons).

The ultrabroadband visible NOPA that generates the probe pulses has been described in detail before[@]; a schematic
of it is shown in Fig. 2. The white light continuum seed pulses are generated by a small fraction of the fundamental
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Figure 1: Block scheme of the experimental setup. BS: beam splitter. SHG: second harmonics generation. (redrawn from B])
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Figure 2: Setup of the noncollinear optical parametric amplifier. BPF: short pass filter that transmits only the visible part of
the white light continuum and cuts out the fundamental and infrared components. (redrawn from |3]).
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Figure 3: Schematics of the experimental apparatus used for auto/ cross-correlation and pump-probe experiments. AF:
attenuating filter. IF: interference filter. PD: photodiode. (redrawn from |3]).

wavelength beam focused into a 1 mm thick sapphire plate. Parametric gain is achieved in a 1-mm-thick BBO crystal,
cut at = 32°, which is the angle giving the broadest phase matching bandwidth for the noncollinear type-I interaction
geometry; a single-pass configuration is used to maximize the gain bandwidth. The amplified pulses have energy of
approximately 2 J and peak-to-peak fluctuations of less than 5%.

The compressor for the ultrabroadband NOPA consists of two custom-designed double-chirped mirrors (DCMs),
manufactured by ion-beam sputtering (Nanolayers GmbH), which are composed of 30 pairs of alternating SiO2 /TiO2
quarter-wave layers in which both the Bragg wavelength and the layer duty cycle are varied from layer pair to layer
pair. The DCMs introduce a highly controlled negative group delay (GD) over bandwidths approaching 200 THz,
compensating for the GD of the NOPA pulses.

The narrower bandwidth NOPA providing the pump pulses is built identically to the one described above, only the
amplified bandwidth is reduced by choosing a suitable non-optimum angle between pump and signal beams (dashed
path of the blue pump in Figure 2). The pulses are compressed by DCMs similar to those used for the broadband
NOPA.

A schematic of the apparatus used for pulse characterization and pump-probe experiments (correlator in Fig. 1)
is shown in Fig. 3. The delay line is formed by two 90° turning mirrors mounted on a precision translation stage
with 0.1 gm positioning accuracy (Physik Instrumente GmbH, model M-511.DD), which corresponds to 0.66 fs time
resolution. The two pulses are combined and focused on the sample by a silver spherical mirror (R=200 mm). The
non-collinear configuration enables to spatially separate pump and probe beams. Upon reflection from the sample, the
probe beam is selected by an iris and steered to the detector, either a silicon photodiode preceded by a 10 nm spectral
width interference filter or an optical multichannel analyzer (OMA). The differential reflection (transmission) signal is
obtained via synchronous detection (lock-in amplifier Stanford SR830 for the photodiode, custom made software for
the OMA) referenced to the modulation of the pump beam at 500 Hz by a mechanical chopper (Thorlabs MC1000).
This allows detection of differential reflection (AR/R) signals as low as 10~%.



C. Estimate of the electron-electron relaxation time

The applicability of the FL theory has been somewhat controversal in cuprate superconductors. The recent unam-
biguous observation of de Haas — van Alphen oscillations|5] has shown that the Fermi surface is almost cylindrical.
In this quasi-two-dimensional case the electrons can be described as a FL if ry = a/ap < 37, with a being the mean
electron distance and ap the Bohr radius|6]. We determine a = 1/v/n = V27 /kp, with kr = 7.4 nm~! from|5]. Using
ap = h?ecpp/m*e?, with m* = 4m, and the effective dielectric constant e.f¢ = 30, we obtain 74 ~ 1, safely in the FL
regime.

Compared to a simple FL, e-e correlations increase the effective mass of carriers (or decrease the bare band-width),
and heavier carriers form lattice polarons at a smaller value of 1. Both spin and lattice polarons have the same Fermi
surface as free electrons, but the Fermi energy is reduced [12]. Our (Boltzmann) relaxation theory is based on the
existence of the Fermi surface and the Pauli exclusion principle, which the dressed (polaronic) carriers obey like free
electrons. Therefore, Equation 3 of the main paper and all our subsequent considerations are valid also for polarons
in the presence of strong electron correlations.

In the weak photoexcitation regime where only a small fraction of conduction electrons is excited (kgT. < Er),
e-e scattering is impeded since the Pauli exclusion principle strongly limits the number of available final states.
The e-e relaxation time 7._. can be estimated by: 1/7._. ~ m3u2(kpT.)?/AhEr |1|, where pu. = rs/2m is the
Coulomb pseudopotential characterising the electron-electron interaction. Even in the weak photoexcitation regime,
the effective T, after excitation can differ significantly from room temperature. Assuming an electronic specific heat
of 1.4 mJ/g.at.K? |13], and a pump laser penetration depth of 150 nm, one can estimate T, ~ 400 K, 7._. ~ 1.4 ps
for the lowest and T, = 800 K, 7._. = 350 fs for the highest pump fluence used in Fig. 1la of the main manuscript.

D. Exact relaxation rates

Here, differently from previous studies based on the two-temperature model (TTM), we analyze pump-probe re-
laxation rates using an analytical approach to the Boltzmann equation [8], which is free of any quasi-equilibrium
approximation. Due to the complex lattice structure of cuprate superconductors characteristic phonon frequencies
spread over a wide interval fiw/kp 2 200 + 1000 K. Very fast oxygen vibrations with frequencies w 2 0.1/fs do not
contribute to the relaxation on the relevant time scale, but just dress the carriers. For the remaining part of the
spectrum we can apply the Landau-Fokker-Planck expansion, expanding the e-ph collision integral at room or higher
temperatures in powers of the relative electron energy change in a collision with a phonon, fw/(7kgT) < 1. Then the
integral Boltzmann equation for the nonequilibrium part of the electron distribution function ¢(&,t) = f(&,t) — fo(€)
is reduced to a partial differential equation in time-energy space [8|:
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where f(&,t) is the non-equilibrium distribution function, and v = wh\(w?)/kgT. The electron energy, &, relative to
the equilibrium Fermi energy is measured in units of kgT'. Here A(w?) is the second moment of the familiar Eliashberg
spectral function [9], o F(w), defined for any phonon spectrum as:

Mw™) = 2/000 dww. (2)
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The coupling constant A, which determines the critical temperature of the BCS superconductors, is A =
2 [,° dwa*F(w) /w.
Multiplying Eq.(1) by € and integrating over all energies yield the rate of the energy relaxation:

B0 = [ " dé tanh(€/2)6(6. 1), (3)
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where E,(t) = ffooo d&€P(&,t) and ¢ (&, t)is the solution of Eq. 1. Apart from a numerical coefficient the characteristic

e-ph relaxation rate (proportional to ) is about the same as the TTM energy relaxation rate [10], yr = 3h\(w?)/7kpT.

To establish the numerical coefficient we solved Eq.(1) and fitted the numerically exact energy relaxation by a
near-exponential decay E(t) = Egexp (—aty — bt>y?), with the coefficients a = 0.14435 and b = 0.00267, which are
virtually independent of the initial distribution, ¢(£,0) and pump energy, Fy. The exact relaxation time 7 = 1/avy
turns out longer than the TTM relaxation time v,.', by a factor of 2, (see Fig. 4), 7 = 2rkpT/3hA(w?). This as well
as the shorter relaxation times observed in our ultra-fast pump-probe measurements lead to essentially higher values
of EPI coupling constants compared with previous studies.
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Figure 4: Numerically exact energy relaxation rate compared with TTM rate. Fp is the pump energy, 7 = 27Tk:BT/3h)\<w2> is
the exact relaxation time.
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Figure 5: Difference Af = f(£,t = v71) — fo(€) of the transient distribution functions f(£,¢t = 4~') and the equilibrium
Fermi-Dirac function fo(§) . f(&,t) is calculated from the Fokker-Planck equation and via the TTM, respectively.

E. Exact transient electron distribution function

In the TTM e-e collision creates a quasi-equilibrium electron distribution that subsequently cools down via e-
ph interaction and electron diffusion. On the other hand, in our relaxation scheme, which is dominated by e-ph
interaction, the electron distribution during relaxation is not a quasi-equilibrium one. The deviation of both functions
from the equilibrium is shown in Fig. 5, for t = y~1. Since we limit our discussion to the linear regime, the TTM
correction to the distribution function is Af oc z/cosh(x?/4), where x = ¢/kgT. The width of the two lobes in Af
indicate the effective electronic temperature. The significantly narrower lobes for the TTM compared to the exact
distribution illustrate how the TTM underestimates the transient electronic temperature and hence the relaxation
time. However, the e-ph dominated relaxation is not just a slower relaxation through the same quasi-equilibrium
states as assumed by the TTM. We illustrate this by fitting our non-equilibrium distribution with a quasi-equilibrium
one (dashed line in Fig. 5). Since the Fokker-Planck equation describes diffusion in the energy space the high energy
tails are clearly seen in our distribution, which, compared to the Fermi-Dirac distribution have a much gentler fall-off
towards high electron energies.

While in the deviation from the equilibrium distribution, the difference between the two models is clearly visible,
the Fermi-Dirac distribution and the one obtained from solving the Fokker-Planck equation, themselves look rather
similar, except for the high energy tail, as can be seen in Fig. 6a. This shines new light on fs ARPES experiments,
which directly measure the transient electron distributions. Until now it was customary to use the TTM to describe
electron relaxation, ARPES data were in good agreement and were invoked as confirmation of the ultrafast e-e
thermalization. We have now shown that a similar distribution can be obtained also as a result of e-ph scattering.
In Fig. 6b we redraw the best available time-resolved ARPES data for cuprate superconductors |[11] together with
their fit to a quasi-equilibrium Fermi-Dirac distribution, from which they estimate a hot electron temperature. The
spectrum was taken immediately after excitation (at the end of the pump-probe pulse overlap, which is about 7/2
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Figure 6: a) Numerically exact distribution function f(¢,¢t = v~!) compared to a Fermi-Dirac distribution function with the
same effective temperature. b) ARPES spectrum of BizSroCaCuzOsimmediately after excitation and fit to a Fermi-Dirac
function (redrawn from |11)]).

of their decay time after maximum pump-probe overlap, i.e. on average the electrons are probed 7/2 after their
excitation). Compared to the Fermi-Dirac curve, their data show a high-energy tail very similar to the exact non-
equilibrium distribution we calculated. This means that our relaxation scheme is not only more justified than the
TTM on the basis of the physical reasoning described in the main text, it also agrees better with experimental data
in the literature. This should in no way derogate the work done before our model was available, however, we propose
to reassess quantitative conclusions along the lines of our relaxation scheme (see section G).

F. Predictions of BCS theory

The most common expression that relates EPI to T, is the BCS-McMillan formula kpT, = Fuvg exp[—(1 + X)/A] (if
any repulsive Coulomb pseudopotential is neglected), where wy is a characteristic phonon frequency. Formally setting
Mw?) = A\w3, one can rewrite this as a function of AM(w?) and \: kT, = hiy/A(w?)/Xexp[—(1 + \)/A]. Since M\(w?) is
known from experiment, we keep it fixed and find a maximum T()) (by finding a zero of the first derivative) at A = 2.
T, as function of A is shown in Fig 7 for both YBCO and LSCO, the maximum critical temperatures are 7% = 52
K for LSCO and T"** = 37 K forYBCO. For the more realistic estimates given in the main text, A = 0.5 for LSCO
and A = 0.25 for YBCO, we obtain lower T, values of 23 K and 3 K, respectively. Hence, contrary to experiment BCS
theory predicts a lower T, for YBCO than for LSCO. It cannot explain the high T, value of YBCO (even for A = 2)
and the reasonable agreement for LSCO is probably a coincidence.

G. Assessment of lambda values obtained with the TTM and with our model

We now assess the quantitative differences between the values for A(w?) (and consequently the estimates for A that
are usually made on their basis) obtained from data analysis using the TTM and our model. The differences between
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Figure 7: Critical temperature according to the BCS-McMillan formula as a function of X for YBasCuzOs5 (Mw?) = 400
meV2) and Laj g5S10.15CuOy4 (A<w2> = 800 meVQ)

Table I: A<w2> obtained via the TTM and the Kabanov-Alexandrov (K-A) model from our data on YBasCusOs.s and
Lai.85510.15CuOy4 and from [14]. 7e—. are calculated as in section C, Te_pp from |14] are recalculated from published A<w2> and
T. values.

material Te (K) Te—e (f8) Te—pn (£8) MwHrrm (meV?) Mw?)kx_a (meV?)
YBaxCuz0s.5 400-800 350-1400 100 4001150 4001100
Lay.85510.15CuO4 400-800 350-1400 45 800£300 800£200
Cu 590 3300 1400 29 29

Au 650 1700 1900 23 21

Cr 720 380 130 110

W% 1200 710 110 60

\Y% 700 170 280 240

Nb 790 1000 170 320 240

Ti 820 160 350 260

Pb 570 6400 840 45 47

NbN 1070 110 640 360
V3Ga 1110 200 370 200

the analytic expressions that link 7._,, and Aw?) (equations 1 and 2 of the main manuscript) are a factor 2 and
that 7._p;, scales with the electron temperature 7T;, in the TTM and with the lattice temperature 7; in our model.
As described in section C, T; is usually very close to the sample temperature without photoexcitation, while T, can
be several 100 K higher, depending on the excitation conditions. For the fluences we used, T, = 600 + 200 K, which
introduces an additional uncertainty in A(w?) if we use the TTM estimate. The factor 2 in the equations incidentally
cancels with the factor 2 in the temperatures.

Brorson et al. studied a series of metallic superconductors, using a quite diverse range of excitation conditions [14].
We list their data together with ours in Table 1. Their T, values scatter from 570 to 1200 K, hence the differences
between the TTM and our model can be up to a factor of 2. Unfortunately they did not study any intensity dependence,
so we cannot use this criterion to decide which relaxation scheme is more appropriate. However, we estimate 7._,
as described in section C for four of their samples, using 7, and Er from [7] and obtain 7._. > 7._p, in three cases,
and Te—e = Te—pn for Au. Therefore, one can assume that except for materials with very low EPI, our model is more
appropriate, as has already been established in textbooks like |7].

H. Universality of the observed behavior

In the main paper we show intensity and wavelength dependent pump-probe time traces and show that the dynamics
does not change with intensity and that the same characteristic time scales are found at different wavelengths.
However, there we show only a few selected wavelengths out of a more comprehensive dataset. To illustrate that the
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Figure 8: Transient photoinduced reflectivity change AR/R of Lai.855r0.15CuO4 (a) and YBa2CuzOg.5 (b) at a pump intensity
of 200 pJ /cm?.

behavior discussed in the main paper is universal, we show two-dimensional maps of the photoinduced AR/R as a
function of probe wavelength and delay for both materials in Figure 8.
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We determined electronic relaxation times via pump-probe optical spectroscopy using sub-15 fs
pulses for the normal state of two different cuprate superconductors. We show that the primary
relaxation process is the electron-phonon interaction and extract a measure of its strength, the
second moment of the Eliashberg function A(wz) = 800 + 200 meV? for Lai.855r0.15CuO4 and
)\(w2> = 400 £ 100 meV? for YBazCusOg.5. These values suggest a possible fundamental role of the
electron-phonon interaction in the superconducting pairing mechanism.

PACS numbers: 78.47.J-, 74.72.-h, 42.65.Re, 71.38.-k

The electron-phonon interaction (EPI) is decisive for
determining the functional properties of materials. It
is the main scattering process governing electronic con-
ductivity and is crucial for the formation of ordered
electronic states such as charge-density waves and of-
ten the superconducting state. The determination of
its strength - usually defined as the second moment
Mw?) = 2 [;° a*F(w)wdw of the Eliashberg spectral
function o?F(w) [1] - is thus of fundamental importance.
Standard methods for determining A\(w?) experimentally
from phonon linewidths in Raman or neutron scatter-
ing are often biased by selection rules and inhomoge-
neous broadening, and have given controversial results
in the past. Since scattering from phonons is one of the
main relaxation processes for electrons, A\(w?) can be ac-
curately extracted from the electron-phonon relaxation
time 7T._,p, provided that: (i) the experiment affords ad-
equate time resolution to determine 7._pp, and (ii) an ap-
propriate model connecting A{w?) and 7._,, is used. We
will show in this paper that for materials with strong EPI,
to satisfy both conditions, we need to go beyond current
approaches. Here, by using optical spectroscopy with
ultra-high time-resolution (< 20 fs instrument response)
and a new, more appropriate model, we obtain A{w?)
values for two high-critical temperature (7,) cuprate su-
perconductors, which allows us to assess the role of the
EPI in the superconducting mechanism in these materi-
als. Ultrahigh time-resolution is important to detect fast
processes in strongly interacting systems, and to correctly
identify the EPI relaxation in cases where the data con-
tain the dynamics of several processes. Since for strong
EPI 7_pn can be well below 100 fs, we need a better reso-
lution than the usual 50-80 fs used so far [2-5]. Therefore
we use state-of-the art ultrashort laser pulses from two
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synchronised non-collinear optical parametric amplifiers

id].

In femtosecond optical pump-probe spectroscopy the
sample is excited with a short pump laser pulse, and
the reflectivity is measured with a (weaker) probe pulse
at a variable delay. The pump beam is periodically
modulated and the photoinduced signal is expressed as

a relative change of the reflected light intensity % =

Bpump—FRo , where Ryyump and Ry are the reflected inten-

sities with and without pump pulse, respectively. The
temporal evolution of %, which - for small perturba-
tions - is related to the temporal evolution of the di-
electric constant Ae/e, is a direct signature of the en-
ergy relaxation processes in the sample. We used 15-fs
pump pulses centred at 530 nm and broad band sub-
10-fs probe pulses with a spectrum ranging from 500 to
700 nm (a detailed scheme is found in the supplementary
information). This non-degenerate pump-probe config-
uration eliminates coherent interference artefacts. Sin-
gle crystals of YBagsCu30g5 (YBCO, T. = 60 K) and
Laj §5510.15CuQOy4 (LSCO, T, = 38 K) were prepared as in
ref. |7, 18]. To avoid any competing relaxation processes
from emergent low temperature states (e.g. supercon-
ducting, pseudogap, antiferromagnetic, or stripe order),
we performed all experiments at room temperature.

Until recently, a theoretical framework expressing
Te—ph in terms of A{w?) has been provided by the so-called
two-temperature model (TTM) |9, [10]. It is based on
the assumption that the relaxation time due to electron-
electron (e-e) collisions T._. is much shorter than 7._ .
The e-e scattering is assumed to establish a thermal dis-
tribution of electrons with a temperature T, > T; (T;
being the lattice temperature) on a time scale typically
faster than the experimental time resolution. The relax-
ation time 7._pp of subsequent electron cooling via EPI
is related to \(w?):
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This expression has been used in the analysis of
transient optical experiments [2-4], and recently also
time-resolved angle-resolved photoemission spectroscopy
(ARPES) [5]. For the typical laser fluences used in these
experiments T, is in the range 400-800 K . This gives
an estimate for 7._. = 350 fs + 1.4 ps, depending on
the fluence (see supplementary information). From Eq.
(1), Te—pn is expected to be proportional to T, and thus
vary significantly over the range of fluences used in the
experiment.

Outside the TTM regime, the relaxation behavior can
be described via the kinetic Boltzmann equation using e-
e and e-ph collision integrals, where the electrons and
phonons are both out of equilibrium. This has been
done both numerically |11] and recently also analyti-
cally |12, 113]. The calculated electron distribution based
on the analytical solution of this non-equilibrium model
(NEM) |13] departs from the equilibrium Fermi-function
particularly for high energies. (A comparison with pub-
lished time-resolved ARPES data is shown in the supple-
ment.) The analytical treatment yields a relation:

2 kBTl
Aw?) = 3 WTe—pn
e—p

(2)

which is applicable also when T._. > Te_pn. Besides
the factor 2, a notable difference compared to the TTM
formula (Eq. (1)) is that 7._pp is predicted to be lin-
early dependent on T; (not 7). Since the heat capacity
of the lattice is much higher than that of electrons, in
our experiments 7; is close to room temperature for all
fluences, so we expect that 7._,5 should be independent
of fluence. This provides a critical test of the model’s
applicability.

The experimental data for LSCO ( Figs la+b)) and
YBCO (Figure 1c)) show a fast initial decay followed by a
slower dynamics, all of which are independent of laser flu-
ence. We fit the transient response of both cases (see Figs
1b+c) with two exponential decays with time constants
7, and 7, respectively, and a long-lived plateau, using the
pump-probe cross-correlation as the generation term. For
each sample, the same 7, and 7, are obtained at different
probe wavelengths. YBCO also contains an oscillatory
response due to impulsively excited coherent phonons.
This coherent phonon contribution can be removed al-
most entirely by fitting the oscillatory response of the
known Raman-active modes and subtracting it from the
data (see Fig. 1c)). The fact that in YBCO at 520 nm the
two signal components have opposite sign nicely confirms
that we are actually observing two processes and not at a
non-exponential process which could accidentally be fit-
ted with two exponentials. The fit yields 7, = 45 £ 8 fs
and 7, = 600 & 100 fs for LSCO and 7, = 100 £ 20 fs
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Figure 1: a) Normalised photoinduced reflectivity change in
Lai g5510.15CuOy4 at 590 nm for different pump intensities.
The inset shows the signal magnitude as a function of pump
intensity. b) AR/R of Laj.g55r0.15CuOy4 at different probe
wavelengths (symbols) and double-exponential fits (lines). c)
AR/R of YBazCu3Oe.5 at different probe wavelengths and
double-exponential fits. Small full symbols show the origi-
nal data, large open symbols show the data after subtrac-
tion of three oscillating modes at 115, 145, and 169 cm™!.
These oscillations arise from a modulation of the reflectivity
by phonons coherently excited in the sample by the pump
pulse, whose duration is much shorter than the oscillation
period |15, [16]. The three modes are known from Raman
spectroscopy |11, [18].

and 7, = 450 4 100 fs for YBCO respectively. This be-
havior is systematically observed over the whole spectral
range of our probe pulse between 500 and 700 nm (see
supplementary information).

Since the observed dynamics is fluence independent
(see Figure la), neither of the two fast relaxation pro-
cesses can be attributed to e — e scattering. Following
previous studies |4, 5], we assign 7, to relaxation via the



EPI mechanism. The origin of the longer relaxation time
7p has been discussed in detail previously [4, 5, I8, [14] and
is of no further interest here.

The choice of model (TTM or NEM) for determining
Mw?) from T._pp is based on the relatively stringent re-
quirement regarding the fluence dependence of 7._,;. A
fluence-dependent 7._,y, is clearly not observed here, and
to the best of our knowledge has never been observed in
cuprates. We thus conclude that the TTM is not applica-
ble, while the data are consistent with the NEM solution
without the assumption that 7._. << Te_pn. Calculat-
ing the EPI strength, Eq. (2) yields A(w?) = 800 + 200
meV? for LSCO and A\{w?) = 4004100 meV? for YBCO.
As additional confirmation regarding the choice of model,
we note that a dependence of 7._p, on the sample tem-
perature, as predicted by the NEM has actually been
observed in cuprates |[19] and superconducting iron pnic-
tides [20] above the pseudogap temperature, where it is
expected to apply. No such dependence is predicted by
the TTM.

To assess the consequences of using the NEM rather
than the traditional TTM, in the supplementary infor-
mation we compare A\(w?) values obtained with the two
models both for our data and for several metals from
the literature. The TTM assumption Te_e << Te—pp iS
generally not valid. The discrepancy in A{w?) calculated
with the two models can be up to a factor of 2. If differ-
ent fluences are used, as in our data, the variation of T,
introduces an additional uncertainty if we use the TTM
estimate.

To obtain an estimate of A from the data, we ex-
press the second moment of the Eliashberg function as
the product of a dimensionless electron-phonon coupling
constant A and the square of a characteristic phonon fre-
quency wo: Aw?) = Mw3. The estimate of wy and conse-
quently A requires a detailed knowledge of the Eliashberg
spectral function. This can be extracted from other ex-
periments such as optical absorption |21, 22], neutron
scattering |23-25], ARPES |26, 27|, and tunnelling [28-
33]. Based on these references the best estimate of wy
is about 40 meV, which gives A 2 0.5 for LSCO and
A 2 0.25 for YBCO. Remarkably, these values agree
very well with ab initio calculations that predict 0.27 for
YBCO |34] and 0.4 for LSCO |35, 136].

To assess the possible contribution of EPI to the su-
perconductive pairing mechanism in the cuprates, we
briefly discuss the observations in terms of existing the-
ories based on phonon mediated pairing — most notably
BCS theory and polaronic pairing [37H40]. BCS theory
predicts that kpT. = hwyexp[—(1 + \)/}] (if any repul-
sive Coulomb pseudopotential is neglected). At maxi-
mum (A=2, wo=+/A{w?)/2, see supplementary informa-
tion) the BCS critical temperature can be T/"** = 52 K
for LSCO and only 77"** = 37 K for YBCO. Remarkably
- contrary to the experiment - it predicts a higher T, for
LSCO than for YBCO.

Polaronic pairing within the band picture, on the other
hand, yields a maximum 7,()) that is significantly higher

than for BCS and is obtained at a lower A value. Pola-
ronic band-narrowing due to phonon "dressing" of car-
riers strongly enhances the density of states in a narrow
polaron band and consequently also the critical temper-
ature of polaronic superconductors |37]. With further in-
crease of the EPI strength carriers form real-space (bipo-
laronic) pairs and the critical temperature, which is now
the Bose-Einstein condensation temperature, drops since
the effective mass of these composed bosons increases
[38]. The highest T.(\) exceeding the BCS value by sev-
eral times is hence found in the intermediate crossover re-
gion of the EPI strength from the weak-coupling BCS to
the strong-coupling polaronic superconductivity. Strong
e-e correlations increase the effective mass of carriers (or
decrease the bare band-width), and heavier carriers form
lattice polarons at a smaller value of A |41, [42] (A, = 0.9
for uncorrelated 2D polarons [43], while A, < 0.4 in the
Holstein t-J model [42]). The observed EPI strengths
are therefore consistent with polaronic pairing in the
presence of strong electron correlations, whereby YBCO
lies in the crossover region close to the maximum T,
while LSCO would appear to be on the strong-coupling
side of this region (A > A.). Alternatively, within lo-
cal bipolaron pairing models [39], the limits of T, are set
by (dynamic or static) phase coherence percolation [44],
where the interplay of the EPI and the Coulomb repul-
sion between doped carriers V. determine the pair density
and detailed real-space texture |[40]. These models give
a charge-ordered regime when Coulomb repulsion domi-
nates (A/Ny < V., with Ny being the density of states at
the Fermi energy) and a fully phase separated state when
EPI is dominant (A/Ng > V.). In the crossover region
between these two regimes, a textured state favoring pair
(bipolaron) formation exists, leading to superconductiv-
ity with a distinct maximum T..

Our results reinforce the other compelling experimen-
tal evidence for a strong role for the EPI in cuprates ob-
tained from isotope effects [33], high resolution ARPES
|26, [27], optical [21, [22], neutron-scattering |23-25], and
tunnelling |31, 132, 45] spectroscopies. However, our data
on two materials can only demonstrate the realistic fea-
sibility of the polaronic pairing mechanism, and cannot
rule out any non-phononic contribution to the pairing.
Indeed part of the glue function has been identified with
an energy well above the upper limit of the phonon fre-
quencies in the cuprates (100 meV) [46]. While this could
be a signature of multi-phonon dressing of carriers, spin
and/or electron density fluctuations might be alterna-
tive mechanisms of the high-energy glue. By using the
appropriate theory and adequate time resolution, as we
have shown, one can now collect accurate data for further
cuprate high-T, materials to decide whether the agree-
ment with the polaronic mechanism is coincidental or
systematic. Similar work will be of fundamental signifi-
cance for other effects where EPI is important, such as
high T, superconductivity in non-cuprate materials (no-
tably iron-pnictides |20]), colossal magnetoresistance, the
formation of orbitally-ordered states and charge density



waves.
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