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We report the experimental evidence of an abrupt transition of the ultrafast electronic response of under-
doped superconducting Bi,Sr,CaCu,Og, s, under the impulsive photoinjection of a high density of excitations,
using ultrashort laser pulses and avoiding significant laser heating. The direct proof of this process is the
discontinuity of the transient optical electronic response, observed at a critical fluence of ®y,=70 uJ/cm?.
Below this threshold, the recovery dynamics is described by the Rothwarf-Taylor equations, whereas, above
the critical intensity, a fast electronic response is superimposed to a slower dynamics related to the supercon-
ductivity recovery. We discuss our experimental findings within the frame of the available models for non-
equilibrium superconductivity, i.e., the T,z and w.s models. The measured critical fluence is compatible with
a first-order photoinduced phase transition triggered by the impulsive shift of the chemical potential. The
measured value, significantly in excess of the condensation energy, indicates that, close to the threshold, the
largest amount of energy is delivered to phonons or to other gap-energy excitations strongly coupled to Cooper

pairs.
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I. INTRODUCTION

The superconducting-to-normal state phase transition
(SNPT) in high-T superconductors (HTSC) is a poorly un-
derstood phenomenon.! So far, the superconducting (SC)
phase formation in HTSC has been studied through optical
techniques either at equilibrium in the frequency domain? or
out of equilibrium in the time domain.>* In particular, time-
resolved optical spectroscopies have been widely applied to
investigate the recovery dynamics of the equilibrium state in
HTSC, excited by ultrashort laser pulses in the perturbative
regime, i.e., when the density of photoinjected excitation is
low and a small perturbation of the equilibrium excitation
spectrum can be assumed. Most of the time-resolved experi-
ments have been performed using high-repetition rate laser
sources” to study the recombination dynamics of the photo-
injected quasiparticles (QPs). The experimental findings evi-
denced a delicate interplay between electron-phonon and
electron-electron interactions, usually modeled by the
Rothwarf-Taylor coupled differential equations.>®

Nonetheless, the average heating of the sample induced
by the standard high-repetition rate laser sources* prevented
scholars from investigating in detail the high-intensity pump
regime, i.e., when the strong perturbation of the electronic
distribution causes the closing of the superconducting gap. In
this regime, a high-density n of excess QP is photoinjected,
through an ultrashort pump pulse, modifying the equilibrium
electron distribution on a timescale faster than the impul-
sively induced thermal heating. Under these conditions the
free energy of the superconducting system Fg(T,n) is varied
along nonequilibrium pathways by the sudden modification
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of n, whereas at equilibrium n(7, u=Ey) is univocally de-
termined by the temperature and the chemical potential,
through the Fermi-Dirac statistics.” Nonequilibrium super-
conductivity in the strong-excitation regime has been par-
tially studied in BCS systems, without femtosecond time res-
olution, and evidenced the possibility of a nonthermal
quenching of the superconducting phase, inducing a first-
order phase transition to a metastable inhomogeneous
state.®?

Here we report time-resolved reflectivity measurements
on underdoped Bi,Sr,CaCu,Og, s single crystals. By setting
the proper repetition rate (<100 kHz) of the laser source we
are able to impulsively excite the superconducting state ob-
taining a clear and unambiguous signature of a discontinuity
of the electron dynamics at a critical fluence of @
=70 wJ/cm?, while avoiding the sample average heating. In
addition, we report the results of the numerical simulations
of the dynamics of the SC gap closing and we show that at
the measured threshold, the energy directly delivered to ex-
citations far exceeds that required to photoinduce a nonther-
mal first-order SNPT, related to the impulsive shift of the
chemical potential.

The possibility to impulsively modify the excitation spec-
trum of the superconducting condensate in HTSC, eventually
quenching the SC phase, has widespread implications that
will unlock the gate to a new physics and a new technology.
(i) By photoinjecting a QP density in excess of a critical
value, new metastable and inhomogeneous phases could be
discovered.” (ii) From the intensity threshold necessary to
induce the instability of the SC phase, the nature of the
bosonic glue (if there is any'’) necessary to form Cooper
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pairs could be inferred. (iii) The measurement of the excita-
tion and recovery dynamics constitutes a test for nonequilib-
rium models and sheds light on the timescale necessary for
the definition of the thermodynamic properties of the system,
such as the temperature and the chemical potential. (iv) The
switching from a zero-resistance state to a finite-resistance
state within a few hundred femtoseconds, and in the tem-
perature range typical of HTSC, has evident implications for
the development of optically controlled ultrafast electronics.

This work is organized as follows. In Sec. II we describe
the experimental setup, and we show the time-resolved re-
flectivity measurements in the strong excitation regime. In
Sec. III we discuss our findings within the frame of the only
two available models for nonequilibrium superconductivity,
i.e., the effective temperature (7,4) and chemical potential
(o) models.!12 We report the results of the numerical
simulations of the dynamics of the SC gap closing and we
show that at the measured threshold, the energy directly de-
livered to the system far exceeds that required to photoin-
duce a nonthermal first-order SNPT, related to the impulsive
shift of the chemical potential.

II. EXPERIMENTAL RESULTS
A. Setup

Time-resolved reflectivity measurements have been per-
formed in the near infrared (IR) with a cavity-dumped Ti-
:sapphire oscillator producing 120 fs 1.5 eV light pulses. The
output energy is ~50 nJ/pulse at repetition rates tunable
from 5.43 MHz to a single shot. By setting the proper rep-
etition rate (~100 kHz), we are able to impulsively excite
an underdoped Bi,Sr,CaCu,0yg, s crystal (To=81 K) with
pump fluences ranging from 10 to 850 wuJ/cm?.

The value of T was measured through ac magnetic sus-
ceptibility, giving a transition amplitude of =2 K. The
sample composition, homogeneity, and c-axis orientation
dispersion were tested by means of x-ray diffraction both on
bulk sample and on its powder. Results confirmed the ab-
sence of other structural phases of the compound and a lat-
tice constant along the ¢ axis of 3.09 nm with an angular
dispersion of A®=1. The sample is anchored to a cold finger
of a liquid-He open-cycle cryostat, through silver paste. The
base pressure of the cryostat chamber is 107 mbar. The con-
densation on the sample surface of water molecules, coming
from the room temperature chamber walls, is avoided by
protecting the sample through a transparent window.

B. Results
1. Normal state

Figure 1(a) shows the time-resolved reflectivity variation
AR/R(t) measured at room temperature. The impulsive
variation, at zero delay, reflects the nonequilibrium excitation
of the electronic system due to the pump pulses. In agree-
ment with the literature,'>!# the decay of the reflectivity in
the normal state is well described by an extended two-
temperature model.'* Within this model, which is typical for
metals, the fast dynamics of ~350 fs is related to the
electron-phonon relaxation. The inset of Fig. 1(a) displays
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FIG. 1. (Color online) (a) Time-resolved reflectivity variation in
underdoped Bi,Sr,CaCu,0s, s in the normal state (=300 K). The
inset shows the AR/R(1=0) scaling with the absorbed pump fluence
in all the experimentally available intensity ranges. The solid line is
a linear fit to the data. (b) Measured relaxation dynamics at T
=20 K. The measurement has been performed with @y,
=40 uJ/cm?, obtaining AR/R(0)=4X107*. The inset shows a
rough scheme of the excitation and relaxation processes of antin-
odal QP in the k space for a two-dimensional BCS-type supercon-
ductor with a spherical Fermi surface and a d-wave gap symmetry,
with nodes in the (7, ) directions.

the maximum reflectivity variation AR/R(r=0) as a function
of the pump fluence. A linear dependence is observed over
the entire experimentally available range.

2. Superconducting state

The origin of the AR/R variation measured in the super-
conducting state of cuprates has been extensively discussed
in these last years.*%!5-17 The debate was focused on dis-
criminating between an excited state absorption'® and an
anomalous spectral weight-shift mechanism.!” While this
problem is still open, a general agreement has been reached
on the fact that the AR/R variation in the near-IR/visible
frequency range depends on the density of photoinjected
quasiparticles.'>!7 This interpretation is so firmly established
that transient reflectivity techniques are currently used to in-
vestigate the coexistence of superconducting-gap and
pseudogap excitations in Bi,Sr,CaCu,0Og, 5 on the base of the
different recovery dynamics.'® Accordingly, we will assume
that the measured AR/R signal below T, is proportional to
the density of the photoinjected QP. In Fig. 1(b) we report
the AR/R(r) signal measured at T=20 K. When the sample
is cooled below T,, the maximum of the AR/R signal is
measured at £=300 fs and the decay time is on the order of

224502-2



DISCONTINUITY OF THE ULTRAFAST ELECTRONIC...

PHYSICAL REVIEW B 79, 224502 (2009)

2

T=20K SC STATE |P Py = 592 plfom” 15

1a 10

previously explored o
—fluence region \M‘"J Lo FIG. 2. (Color Online) (a) De-
;«E I LI LI pendence of the transient reflec-
S D, mp = 285 pd/em - 15 > tivity response at zero delay
g ] L 10 2 [AR/R(t=0)] on the absorbed ex-
8 A 54 kHz B citation fluence in the supercon-
S O 108 kHz 5 3, ducting state (T=20 K). The lin-
o l Lo - ear fit at high-excitation levels
% = T . (solid line) has a nonzero inter-
T IASI Ppymp = 78 pfem™ 15 cept. (b) Transient reflectivity dy-
non-zero L 10 namics at different absorbed

/ intercept fluences.
rrrrfrrrr[rrrr|prrrr[rrrrvr[rrrrrr _5
0 100 200 300 400 500 600 Lo
2 L B L B B
Absorbed fluence (uJ/cm®) 0 : 1 15
Delay (ps)

a few picoseconds, as shown in Fig. 1(b). The measured
increase in the decay time in the SC phase is generally at-
tributed to the suppression of the quasiparticle recombination
process related to the opening of the superconducting gap®!®
and, on the us timescale, to the energy and momentum con-
servation rules of nodal QP (Ref. 20) [see inset of Fig. 1(b)].
As a consequence, the photoexcitation leads to the accumu-
lation of a nonthermal distribution of QP on top of the SC
gap at the antinodes, within ~1 ps.

The dependence of AR/R(t=0) in the SC phase (T
=20 K) on the pump intensity, at 108 kHz repetition rate, is
reported in Fig. 2(a). The fluence range so far explored* with
higher repetition rate sources, without significant local heat-
ing of the sample, is highlighted by the solid square. In this
region we measured an increase in the signal, with a weak
tendency to saturation.?! Outside this region, we observed a
progressive saturation of the signal up to the point at which a
different linear behavior sets in. Note that the same behavior
is observed at all the repetition rates lower than ~200 kHz,
as shown in Fig. 2(a). This is the experimental evidence that
the observed transition is the effect of each individual pulse
rather than the average effect of the train of pulses.

To interpret these results, we show in Fig. 2(b) the time-
resolved reflectivity spectra at three different excitation flu-
ences. At moderate absorbed fluences (P =78 uJ/cm?)
the dynamics is still similar to the low-intensity regime [Fig.
1(b)]. At larger absorbed energy densities (P,
=285 uJ/cm?) AR/R(t) changes drastically; a fast peak ap-
pears, resembling the decay measured in the normal state,
while the maximum of the reflectivity variation is shifted to
~2 ps. At @ppy=592 ul/ cm? the fast response over-
whelms the slow component, as reflected by the linear be-
havior of the AR/R(t=0) signal at high intensities, shown in
Fig. 2(a). In this case, the slow AR/R component exhibits a
maximum at ~3 ps, followed by a slower decay. In all the
intensity regimes the slow dynamics is completed within
~15 ps when a plateau proportional to the total absorbed
fluence is recovered [see Fig. 3(a)]. The crucial observation
is that the linear fit of the fast response at high-excitation

levels [fit in Fig. 2(a)] does not intercept the origin, suggest-
ing that a minimum intensity (®y,) is necessary to activate
this dynamics.

To confirm that the novel fast dynamics appears above
this critical fluence ®,, we show in Fig. 3(b) the femtosec-
ond detail of the time-resolved reflectivity in the
10-300 wJ/cm? fluence region. At low fluences the data can
be perfectly fitted [red solid lines in Fig. 3(b)] with the nu-
meric result of the integration of the Rothwarf-Taylor equa-
tions (RTEs),” describing the number n of excitations
coupled to nonequilibrium gap-energy phonons (see the Ap-
pendix). The measured dynamics is very similar to other re-
sults reported in the literature at much lower excitation flu-
ence (P <1 wJ/cm?).* This is a direct evidence that in the
low-intensity regime, the excitation spectrum and the SC gap
are not destroyed in the probed area and they govern the
recombination dynamics. The results of the fit indicate that
the pump energy is mainly absorbed through phonon excita-
tion. This finding satisfactorily explains that the decay dy-
namics is dominated by the inelastic scattering rate of high-
energy phonons'* without any intensity dependence* and that
a constant delay of ~300 fs of the maximum of signal is
measured.® In this regime the AR/R(t) signal scales linearly
with the absorbed intensity. At absorbed energy densities
larger than ~70 uJ/cm?, the data can no longer be fitted
with the RTE and the dynamics abruptly changes. First, the
fast peak emerges and increases rapidly. In Fig. 3(c) we show
the weight of the fast peak, after the subtraction of the slow
dynamics simulated by a coalescence model, as will be dis-
cussed in Sec. III B. At higher excitation intensities, not
shown in Fig. 3(c), the weight of the fast component over-
whelms the slow one and grows linearly with the pump in-
tensity, as previously discussed. Second, the maximum of the
slow component [circles in Fig. 3(b)] exhibits an abrupt pla-
teau [Fig. 3(d)]. Third, the position of the maximum of the
slow peak progressively shifts to higher delays [Fig. 3(e)]. To
exclude disturbing effects connected to the average heating
of the excited area, we numerically solved the heat equation
and calculated the temperature increase profile on the
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FIG. 3. (Color online) (a) Transient reflectivity traces as a function of both the time delay and the absorbed pump fluence (full
experimental range). The measurements have been performed at 7=20 K and 108 kHz repetition rate. (b) Zoom of the region of interest for
the energy threshold of the system. An offset proportional to the absorbed fluence is added for clarity (absorbed fluence varying from 9.4 to

313 wJ/cm?). Below Dpump

~70 wl/cm? the data are fitted with RTE (red solid lines). Above ® ;=70 uJ/cm? the product of the RTE

solution and a coalescence dynamics (Ref. 22) is satisfactorily fitted to the data (black solid lines). (c) Intensity of the fast peak, after
subtraction of the slow dynamics, as a function of the pump fluence. (d) Saturation of the slow component maximum above ®y,. (¢) Position

of the maximum of the AR/R signal as the pump fluence is increased.

sample. The results indicate that at the threshold fluence, the
maximum temperature increase is <10 K.??

The unequivocal conclusion that the observed discontinu-
ity of the AR/R() dynamics at ®,,,,>®y, is the genuine
signature of a transition of the electronic properties of the
system comes from the following experimental evidences. (i)
The femtosecond timescale of the fast peak confirms its elec-
tronic nature. Above ®y, this component abruptly appears
and rapidly increases with the laser fluence. (ii) The mea-
sured nonzero intercept of this component (see Figs. 2 and 3)
confirms that this result cannot be interpreted in terms of a
saturating slow component related to the condensate dynam-
ics and a fast one already present in low-intensity regime.?
On the contrary, a minimum energy must be supplied to the
system to observe the discontinuity of the dynamics reported
here. Negative AR/R components, possibly mimicking a
nonzero intercept of the fast electronic dynamics, have never
been measured on underdoped Bi,Sr,CaCu,Og, s below T.. at
1.55 eV photon energy.'®!? (iii) The linear dependence of the
“fast” peak on the absorbed fluence [see Figs. 2(a) and 3(a)]
excludes any multiphoton process dominating the signal at
high intensity. (iv) Coherent artifacts, possibly mimicking
the fast dynamics at short delays, do not show any intensity
threshold and must be excluded as the origin of our findings.
(vi) The discontinuity of the time-resolved dynamics is mani-
fested not only in the emergence of the fast peak but also in
the abrupt variation in the dynamics on the picosecond time-
scale, confirmed by the saturation and shift of the maximum
of the slow AR/R signal, as reported in Figs. 3(d) and 3(e).

II1. DISCUSSION
A. Nonequilibrium models

The intensity threshold measured in this work constitutes,
in our opinion, a benchmark for the nonequilibrium super-
conductivity models applied to HTSC. In the standard ap-
proach to nonequilibrium superconductivity the SC gap and
the excitation spectrum are assumed constant, and the recov-
ery dynamics of the system is simply mimicked by the
Rothwarf-Taylor rate equations® (see the Appendix). This ap-
proach is valid in the low-perturbation regime, but it is ex-
pected to fail when the modification of the excitation distri-
bution is strong enough to modify the gap value and the
excitation spectrum. Recent experiments of nonequilibrium
terahertz conductivity of Bi,Sr,CaCu,0g, 5>* directly sensi-
tive to the low-energy excitations, evidenced a reduction in
the condensate fraction of about 85% upon excitation with
800 nm 12 wJ/cm? pulses, whereas they did not evidence
any significant variation in the decay dynamics, which is
dependent on the gap value. These results suggest that, under
this fluence regime, the induced strong perturbation of the
excitation distribution is not sufficient to induce a complete
collapse of the SC gap or a nonequilibrium transition to the
normal state before the complete closing of the gap. On the
contrary, we demonstrate a discontinuity in the dynamics on
the femtosecond timescale at ~70 uJ/cm?, which repre-
sents the signature of the SC gap collapse. For this reason,
the present results require a discussion within the frame of
nonequilibirum models explicitly accounting for the change
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of the excitation spectrum and gap value, as nonequilibrium
excitations are photoinjected in the system.

In the BCS theory the dependence of the superconducting
gap on the excitation distribution function is obtained
through the gap equation

1= NO)U fﬁ"’D & (\fi+A2) )
= : an s
pair 0 V€2k+A2 szT

where N(0) is the electronic density of states at the Fermi
level, A is the gap, and U, is the attractive pairing poten-
tial. In nonequilibrium superconductivity, the excess of exci-
tations with respect to the thermal number (n;) is photoin-
jected by the pump pulse. The perturbation of the electron
distribution can be mimicked both by introducing an effec-
tive temperature T, (Ref. 11) and an effective chemical po-
tential g.g.'> Both the models predict a decrease in the su-
perconducting gap A(n;,T) with the excitation density n;
[expressed in units of 4N(0)A(0,0)], but with important
differences.” In the T,; model the gap dependence can be
approximated by A(n;,0)/A(0,0)~1-32(3n,)%?/7 and a
complete closing is obtained at n (T =0.33, causing a
second-order phase transition to the normal state. In the .
model, mimicking a shift of the excitation-distribution func-
tion decoupled from phonons, the gap closing is slower, i.e.,

A(n;,0)/A0,0)=1-4+ Zn?/z/S and before the complete
collapse of the gap at n;==0.65, the free energy of the super-
conducting state equals the normal state one. The free-energy
difference between the two phases, in units of the condensa-
tion energy U,,q=N(0)A%(0)/2, is expressed’ as AF(n;)=
—l/2+16\2n?/2/3 and reduces to zero at ng(u.s) =0.16.
The most important consequence is that, within the g
model, a first-order phase transition from the superconduct-
ing to the normal state can take place. We underline that the
differences between the predictions of two models are not
related to the density of excitation injected into the system
but to their energy distribution.

To compare our results with the predictions of the T
model we performed the numeric integration of the gap Eq.
(1) at the temperature T=20 K and in the d-wave gap sym-
metry. The expected gap collapse is obtained at n.(T.s)
=().32, as shown in Fig. 4(a). To estimate the pump energy
necessary to obtain this critical threshold we adopted the
following strategy: the relation between the effective tem-
perature and the excess QP number was calculated through
the definition

n(Teg) = A(IO) J[f(Teff)_f(T)]dek , ()
0

where f(T,y) is the Fermi-Dirac distribution at temperature
T and (- --) indicates the average of the anisotropic d-wave
gap over the k space. To calculate the different terms con-
tributing to the energy absorption of the pump pulse as a
function of T.g, we considered, following Ref. 7, (i) the en-
ergy directly going in the quasiparticles (Eqp) excitations,
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FIG. 4. (Color online) (a) Simulations of the gap closing within
the T.g and ueq models (7=20 K). (b) Different contributions to
the energy variation as the effective temperature is varied. (c) Cal-
culated excitation densities as a function of the absorbed energy.

Eqp= AZ(O) J[EEfff(Teff) Ef(D]de, ), (3)

where ES"=\e,+A(T.q); (i) the variation in the energy of
the superconducting condensate as a consequence of the ex-
citations (E,),

4 - " e
Ee= 120 f E-E+ Eefff)[l 2f(Ter)]
0
Az
il )[1—2f(T)]dek ; “)

and (iii) the energy absorbed by the phonon system (E,),

1 oo
Eph = _f wD(w)[pge(w, Teff) -ppe(w. 1], (5)
cond Y 2A

where pgp(w,T)=[exp(fiw/kzT)—1]"! and D(w) is the pho-
non density of states, taken from Ref. 25. The total absorbed
energy, in units of the condensation energy, is simply given
by E;=Eqp+E +E,,. In Fig. 4(b) we report the calculated
contributions to E; as a function of the effective temperature.
At high pump fluences the energy absorbed by phonons is at
least 1 order of magnitude larger than the other terms. The
consequence is that the excess QP number photoinjected by
the pump pulse is strongly suppressed by the phonon term
and the gap collapse is obtained at very high pump fluences.
We stress that a tendency toward saturation of the excitation
density is predicted even below the intensity threshold nec-
essary for a phase transition. As a consequence, the satura-
tion in the optical properties, already reported in the
literature,?">2* is not in itself the signature of a phase tran-
sition or complete destruction of the SC phase.
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At this point, the value considered for the condensation
energy is crucial to compare the experimental intensity
threshold to the numerical results. Calorimetric measure-
ments are usually used to evaluate Ugyyq=/0Tc[Sy
—SscldT, where Sy and Sgc are the normal-state and
superconducting-state entropies related to the electronic spe-
cific heat of the two phases. U,,,q~30 J/mol has been mea-
sured for overdoped Bi2212,%° whereas a decrease of about 1
order of magnitude was observed for underdoped samples
exhibiting a pseudogap (Ugpna~3 J/mol).? In this case, the
measured condensation energy has to be interpreted as the
energy difference between the superconducting-gap and
pseudogap phases. For this reason we considered the value
obtained for overdoped samples as the meaningful energy
difference between the superconducting and the normal
phases. Assuming U,,,q==30 J/mol, we obtain that the total
absorbed intensity necessary for the complete closing of the
SC gap is E;= 150 [see Fig. 4(c)], at least seven times larger
than the measured intensity threshold (Ey=20). We note
that, considering a smaller value for the condensation energy,
i.e., U,ng=3 J/mol, the fraction of the pump energy ab-
sorbed by the phonons increases and the same discrepancy
between the predicted and the measured threshold is ob-
tained. These results allow us to exclude the complete clos-
ing of the superconducting gap, predicted by the T.; model,
as the cause of the measured discontinuity in the transient
optical properties.

The accumulation of a nonthermal distribution of QP on
the top of the SC gap can be accounted for by the w. model.
In this model, the inclusion of the phonon contributions is
not straightforward because the variation in the chemical po-
tential describing the nonequilibrium distribution function
does not affect the Bose-Einstein distribution pgg(w,T) of
the lattice excitations. Within the . model, the absorbed
energy is entirely provided to shift the chemical potential,
and the predicted energy threshold is significantly smaller,
i.e., Eq, =2, as reported on Fig. 4(c). We conclude that, at the
measured threshold, the energy delivered to the system is
more than sufficient to photoinduce a first-order SNPT. The
fact that the experimental threshold is larger than that pre-
dicted by the pure u.; model can be ascribed to the energy
absorption by phonons or by other excitations with energy
larger than the SC gap.

We observe that while the T, and . models have been
designed for conventional superconductors, they can be ex-
tended, in principle, to any system, where a d-wave gap
equation is valid and the free energy can be described in
terms of the energy of excitations and of a superconducting
condensate. In our opinion, the present work constitutes a
first approach to address this question, nonetheless our re-
sults call for the development of more realistic nonequilib-
rium d-wave models, where both the shift of the chemical
potential and the effective temperature of the QP are taken
into account and the real band structure and density of states
at the Fermi level are considered.

B. Recovery dynamics

Under the assumption that the AR/R(¢) signal is propor-
tional to the excitation density n, we should conclude that,
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during the superconductivity recovery on the picosecond
timescale, n increases, reaches a maximum, and decreases
again (see Fig. 3). This is in contrast to the kinetics of the
order parameter 7, related to the average number of Cooper
pairs, in a second-order phase transition,”’ described by the
relaxation equation d#/dt=-29[(T-Tc)an+2b7’], where
v, a, and b are positive coefficients. If the order parameter is
impulsively decreased, the system monotonically recovers
the equilibrium value 7=[a(T--T)/2b]"? at T<Ty, i.e., the
superconducting gap reconstruction implies a monotonic de-
crease in the excitations in the system, during a second-order
phase transition. This consideration and the results of the
simulations within the T and w.; models suggest that the
measured discontinuity of the electronic dynamics is related
to a phase transition with characteristics different from the
thermal second-order one.

The scenario of a nonthermal first-order phase transition
is further confirmed by fitting to the slow maximum a rough
coalescence model.”>?” We assume that within the first hun-
dreds of femtoseconds, the free energy of the excited super-
conducting phase equals the free energy of the normal phase,
leaving the system in an inhomogenous mixture of the two
phases. In the superconducting volume (ggc) the relaxation
dynamics of n is slow and described by the RTE (see the
Appendix), whereas in the normal fraction (1 —ggc) the de-
cay of the excitations is extremely fast and is completed in a
few hundreds of femtoseconds. On the picosecond timescale
the metastable system can thus be schematized as supercon-
ducting regions surrounded by a normal volume, where the
free energy of the superconducting phase is smaller than the
free energy of the normal state and a coalescence process can
start, in analogy with the case of a supersaturated solution. In
this frame the detected AR/R(¢) signal is given by

A
1;’([)' % gsc(O)n(t) + (1 = gso) ), ©

where fy(7) is the transient reflectivity signal related to the
normal phase [see Fig. 1(a)]. We assume the dynamics of the
superconducting fraction to be similar to the precipitation
dynamics of the solute in a supersaturated solution, i.e.,
gsc(t)=1=[c/(t—=1y+c)], where ¢ and 1, are coefficients re-
lated to the physical properties of the system and to the dis-
tribution of the grain size when the coalescence process be-
gins.

In Fig. 3(b) we report the fit (black solid lines) of Eq. (6)
to the measured dynamics in the high-intensity regime. On
the picosecond timescale, the AR(¢)/R slow signal is domi-
nated by the growth of the superconducting volume, result-
ing in the increase in the signal, whereas, on longer times-
cales the supersaturation tends to zero and the dynamics is
regulated by the RTE. Within this model, the shift of the
broad maximum [see Fig. 3(e)] is related to the increase in
the time necessary to recover the SC phase at higher pump
fluences.

IV. CONCLUSIONS

In conclusion we demonstrated that the ultrafast elec-
tronic  response of  underdoped  superconducting
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Bi,Sr,CaCu,0g, s exhibits a discontinuity at an excitation
threshold of ®, =70 wJ/cm?. The results of the numerical
simulations of the gap closing within the T model allow us
to rule out a quasithermal complete closing of the SC gap
related to the increase in the effective temperature of the
system. On the contrary, we calculated that, at the measured
threshold, the energy delivered to the SC system far exceeds
the energy necessary to induce a first-order nonthermal phase
transition related to the shift of the chemical potential mim-
icking the nonthermal QP distribution within the first hun-
dreds of femtoseconds. These results call for the develop-
ment of a complete nonequilibirum model, taking into
account both the shift of the chemical potential and the in-
crease in the electronic effective temperature, to deal with
the nonequilibrium “hot” QP distribution impulsively created
by the laser pulses.

The possibility to photoinduce a first-order electronic
phase transition in a superconducting HTSC system opens
intriguing possibilities. First, the present measurements un-
derline the interesting question of the real nature of the meta-
stable final state after the photoexcitation of a SNPT and its
relationship with the underlying pseudogap state, where the
AR/R(t) dynamics drastically changes.'® The detailed inves-
tigation of the electronic dynamics of the final state should
help in discriminating between a pseudogap phase competing
and coexisting with the superconducting phase. Second, a
weak first-order SNPT is expected at |[T—T¢|/Tc=10"% K
because of the effects of the order parameter fluctuations.”
Upon impulsive excitation, the first-order phase transition
could be photoinduced by the sudden variation in the order
parameter, where the thermodynamic temperature 7<<T is
fixed. This possibility opens the way to the study of new
dynamical phases of nonequilibrium condensed-matter sys-
tems. Third, the rough coalescence model satisfactorily fits
the data even at very high fluences, where 7,>0, i.e., the SC
phase is completely destroyed and the coalescence begins at
positive delays. The lack of a signature of an earlier nucle-
ation process could suggest a role played by the intrinsic
inhomogeneity of the SC ground state at the nanometric
scale.? Fourth, a further investigation of the velocity of the
first-order photoinduced SNPT can have important conse-
quences on the understanding of the binding mechanism' to
form Cooper pairs in HTSC. The presence of a bottleneck in
the timescale of the SNPT could be the fingerprint of the
coupling mechanism.
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APPENDIX: ROTHWARF-TAYLOR EQUATIONS

The nonequilibrium dynamics in superconductors is usu-
ally successfully interpreted®!'® within the phenomenological
frame of the Rothwarf-Taylor equations (RTE),?

i =1Igp(1) + 2yp — Bn?, (A1)

P=1u(1) = yp + B2 = Yoo (P = P1). (A2)

describing the density of excitations n coupled to phonons
and p being the gap-energy phonon density. The nonequilib-
rium QP and phonons are photoinjected in the system
through the I4p(7) and I;,(#) terms. A Gaussian temporal pro-
file of Ip(t) and I,,(2), with the same time width as the laser
pulse, is assumed. The coupling of the electronic and phonon
population is obtained through (a) the annihilation of a Coo-
per pair via gap phonon absorption (py term) and (b) the
emission of gap phonons during the two-body direct recom-
bination of excitations to form a Cooper pair (8n* term). In
the phonon bottleneck regime (y> 7v...) the excitation relax-
ation is ultimately regulated by the escape rate of the non-
equilibrium gap-energy phonons [ y...(p—py) term, where py
is the thermal phonon density]. The 7, value is determined
both by the escape rate of the nonequilibrium phonons from
the probed region and by the energy relaxation through in-
elastic scattering with the thermal phonons. Below @, the
measured QP dynamics, reported in Figs. 1(b) and 3(b), is
satisfactorily reproduced by considering only the 7,,(¢) term,
i.e., assuming that the pump energy is mainly absorbed
through excitation of the phonon population. This result is in
agreement with both theoretical predictions within the T
model” and experimental observations on YBCO (Refs. 30
and 31) and MgB,.?? In the fitting procedure we assumed
B=0.1 cm?/s, as reported in the literature.'”” The deter-
mined free parameters are yp(t=0)=10'* ps™' cm™? and
Yese=(1.5%0.1) ps~!. These values are compatible with both
the results obtained on LSCO (Ref. 33) and the theoretical
estimations of anharmonic processes in YBCO.3
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