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Photoinduced quasiparticle dynamics of single CuO2-layer Bi-based cuprates
with out-of-plane disorder
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Optimally-doped (OPD) Bi2Sr1.7R0.3CuO6+δ (R-Bi2201, R = Eu and La) are investigated from the viewpoint
of photoinduced nonequilibrium quasiparticle dynamics of high-Tc cuprates with low Tc. The temperature
dependencies of the superconducting (SC) and pseudogap (PG) responses demonstrate that the out-of-plane
disorder enhanced by replacing La with Eu reduces the SC transition temperature and increases the PG energy.
SC fluctuations are observed in each sample, especially in R = La, where large SC fluctuations, which deeply
penetrate into the PG state, are observed. From the fluence-dependent dynamics, the planar optical destruction
energy densities of the SC state are found consistent with the T 2

c dependence noted previously for other high-Tc

superconductors. Upon an optical quench we find that the SC state recovery starts only after the completion of
the PG recovery in both samples.
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I. INTRODUCTION

The pseudogap (PG) observed in the cuprate high-Tc su-
perconductors (SCs) has long been studied using various
techniques as a key to elucidate the mechanism of high-Tc

superconductivity [1]. As a widely accepted finding, angle-
resolved photoemission spectroscopy (ARPES) has revealed
that Fermi surfaces with d-wave gaps can be divided into
nodal regions, mainly involved in the SC gap, and antin-
odal regions, reflecting the PG, and that these two energy
gaps compete in k space [2–4]. The presence of symmetry
breaking is another characteristic PG feature [5], where the
charge ordering has been visualized in real space by tunneling
spectroscopy (STM/STS) [6,7]. Recent STM studies reveal
that the charge order is positively correlated to the periodic
modulation of the Cooper pair density [8]. Moreover, nematic
ordering and loop current ordering have been observed, for
example, by magnetic torque measurements [9] and polarized
neutron-scattering measurements [10]. The second-order ne-
matic transition implies the existence of a quantum critical
point in the SC dome, where the quantum fluctuation proper-
ties should also affect the SC.

The study of out-of-plane disorder is important because it
is closely related to the maximum Tc [11–15] and the Fermi
surface properties [16], where the PG appears suppressed
already at low doping in extremely clean CuO2 planes. Re-
cent nuclear magnetic resonance (NMR) studies report that

when external pressure is applied that promotes higher Tc,
the pressure leads to a redistribution of holes in favor of the
oxygen plane [17]. The in-plane oxygen orbitals are known
to play an important role in density-wave ordering in the PG
state [18]. In fact, ARPES experiments have reported that the
enhanced out-of-plane disorder reduces the Tc, but develops
the antinodal PG, while the superconducting gap dispersion
around the nodes remains almost unchanged [19,20].

Photoinduced nonequilibrium techniques using femtosec-
ond laser pulse excitation are another attractive way to study
the SC and PG properties and their dynamics that cannot be
assessed by steady state measurements [21]. In particular, the
quasiparticle excitation at the PG is accompanied by spectral
changes that extend into the near-infrared region formed by
electron correlations, and thus all-optical time-resolved spec-
troscopy is highly sensitive to the PG [22,23]. Indeed, the
PG response with sub-picosecond (ps) relaxation has been
universally observed in a variety of high-Tc cuprates, and the
doping dependence of the gap values are in good agreement
with those determined by other low-energy spectroscopy mea-
surements [24–29]. In contrast to the fast PG response, the SC
response, attributed to the quasiparticle relaxation across the
SC gap, displays longer relaxation times, on the picoseconds
timescale. These two components can therefore be identified
based on the relaxation time difference between them.

Rotational symmetry breaking associated with nematic or-
der has also been observed as an anisotropic polarization
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dynamics synchronized with the onset of the PG [30,31]. On
the other hand, optical quench dynamics of the PG has shown
no critical relaxation expected for a long-range order [32].

In this study, ultrafast optical time-resolved measurements
are performed on optimally-doped (OPD) Bi2Sr2CuO6+δ

(Bi2201). The single-CuO2-plane OPD-Bi2201 shows a lower
maximum Tc than Bi2212, allowing for a larger energy dif-
ference between the SC gap and PG, which is useful for
time-resolved analysis of multiple response components. Al-
though some photoinduced nonequilibrium studies of Bi2201
provided important insights into the Mott physics [33] and
electron-boson interaction [34], the SC and PG response prop-
erties and their correlation have not been clarified.

In particular, we present the photoinduced nonequilibrium
properties of Bi2Sr1.7R0.3CuO6+δ (R-Bi2201) with two differ-
ent rare-earth (R) substitutions, where R induces disorder to
the CuO2 conduction plane, the magnitude of which increases
for R = Eu compared to the case of R = La [19,20,35,36].

The relaxation time of the SC response of R-Bi2201
reaches the order of 10 ps, more than twice longer than
that of Bi2212. In contrast, the relaxation time of the PG
response is less than 1 ps, comparable to that of Bi2212. Using
these characteristics, we perform time-selective analysis for
the temperature and fluence dependencies of the transient
reflectivity, �r/r, and verify that the out-of-plane disorder
enhanced by replacing R = La with R = Eu increases the PG
energy and reduces Tc. The presence of the SC fluctuations is
confirmed in both samples, and especially in R = La, where
the fluctuations appear at temperatures more than 10 K higher
than Tc. The 3-pulse quench spectroscopy indicates that the
start of the SC state recovery and the completion of PG state
recovery are synchronous in each sample.

II. EXPERIMENTAL

Single crystals of rare-earth substituted
Bi2Sr1.7R0.3CuO6+δ (R-Bi2201) were grown in 1 atm
of flowing oxygen with R = La and Eu content of
0.3, corresponding to optimal doping levels as reported
previously [12,36]. Two samples, La-Bi2201 (T m

c = 34 K)
and Eu-Bi2201 (T m

c = 20 K), were measured, where Tc’s were
evaluated from the magnetic susceptibility measurements (see
Fig. 8 in Appendix A).

The freshly-cleaved samples were mounted in a He-flow
cryostat with optical windows. The time evolution of the pho-
toinduced transient reflectivity �r/r was monitored using a
conventional pump (P-pulse; 400 nm, 3.1 eV), and probe (pr-
pulse; 800 nm, 1.55 eV) spectroscopy. The recovery dynamics
of SC and PG states were also measured using the 3-pulse
optical quench spectroscopy, which combines the standard
pump-probe spectroscopy with a destruction pulse (D pulse;
400 nm, 3.1 eV) that can destroy the SC and PG states in the
photoexcited region.

All pulses were linearly polarized and derived from a
cavity-dumped mode-locked Ti: sapphire laser with the pulse
duration of approximately 120 fs, the central wavelength of
800 nm and the repetition rate of 270 kHz. The second har-
monic of the laser is used for the P and D pulses. All pulses
were coaxially combined and focused onto the sample using
an objective lens. The polarization of the P pulse was set

(a) (b)

(c) (d)

(e) (f)

FIG. 1. The temperature dependencies of �r/r for (left) Eu-
Bi2201 and (right) La-Bi2201 with the pump fluence of FP =
45 µJ/cm2. [(a), (b)] Color plots of �r/r as functions of delay time
(horizontal axis, tPpr) and the log of temperature (vertical axis). [(c),
(d)] Typical �r/r in the temperature range below around Tc. [(e), (f)]
Typical �r/r in the temperature range well above Tc.

parallel to the pr pulse and the polarization of the D pulse was
set perpendicular (EP ‖ Epr⊥ED). The spot sizes are estimated
to be 25 × 13 µm2 for P and D pulses, 36 × 23 µm2 for 2-pulse
pobe and 10 × 10 µm2 for 3-pulse pr pulse. The transient
reflectivity of the pr-pulse was measured using a standard
lock-in technique synchronized with the chopping frequency
(280 Hz) of the P pulse. In the 3-pulse optical quench spec-
troscopy, we use the chopping of the pump to detect only the
P-pulse-induced quasiparticle dynamics in the transient state
after the D-pulse excitation.

III. RESULTS

A. Temperature dependence

The temperature (T ) dependencies of �r/r, associated
with quasiparticle dynamics [21], measured by the 2-pulse
pump-probe spectroscopy in Eu-Bi2201 (left) and La-Bi2201
(right) are summarized in Fig. 1. The upper panels [Figs. 1(a)
and 1(b)] are density plots of the transient reflectivity �r/r
where the vertical axis is the logarithm of the temperature.
The slow decay component (warm color) that dominates in
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the low-temperature region below Tc is attributed to the SC
response, and the fast decay component (cold color) that re-
mains above Tc is attributed to the PG response. Comparing
the SC response (warm color) between Figs. 1(a) and 1(b), we
see an increase in the onset temperature of the SC response
reflecting the increase in the Tc associated with the decrease
in the ionic radius of the substituted rare earth ions from
Eu to La.

The transient responses observed at representative temper-
atures from the lowest temperature to the temperature just
above Tc are shown in Figs. 1(c) and 1(d). The slow decay
component, reflecting pairing recombination of the SC quasi-
particles, is dominant in �r/r. As the temperature increases
across Tc, the SC response disappears and instead the PG re-
sponse, which is characterized by the fast decay and opposite
sign to the SC response, becomes dominant. As suggested by
the density plots in Fig. 1, the PG response is present also
below Tc, and contributes to the rise dynamics of �r/r. The
typical transient responses at representative temperatures in
the range from Tc to room temperature are shown in Figs. 1(e)
and 1(f). �r/r at T = 260 K corresponds to the metallic
electron-phonon relaxation (EPR), which consists of a fast
decay component with a relaxation slightly slower than the
pulse width of the laser and a long decay component on the
order of nanoseconds. The distinct PG response, observed in
the vicinity of Tc gradually diminishes with increasing temper-
ature and vanishes into the EPR response above T ∼ 200 K.

The combination of the above three transient response
components is commonly observed in various high-Tc

cuprates by time-resolved spectroscopy with optical pulse
excitation [21,24–30]. Here, we shortly summarize the char-
acteristics of the R-Bi2201 by comparing to other high-Tc

cuprates. The SC response show a moderate increase with
decreasing T , τ SC

2p = 15–25 ps (at T = 20–5 K) in R = Eu
and 10–15 ps (at T = 30–5 K) in R = La, which are more
than two times slower than that of Bi2212 [30] and close to
that of LSCO [27]. The slow decay time reflects the small SC
gap that enhances the phonon bottleneck and thus increases
the relaxation time across the gap. This is also consistent with
the difference in τ SC

2p between R = Eu and R = La samples.
In contrast, the relaxation time of �r/r in the PG state is
∼0.8 ps, which is almost identical to that observed in Bi2212
and LSCO.

Below Tc [Figs. 1(c) and 1(d)], the delay times at which
�r/r shows a maximum value are about 5 ps for the R =
Eu and about 2 ps for the R = La, where the contribution of
the PG response can be neglected. We define this �r/r as
the SC response amplitude ASC [the arrow on the left side
of Fig. 1(d)], and its temperature dependence is shown in
Fig. 2(a). Here the solid and open circles represent the data of
Eu-Bi2201 and La-Bi2201, respectively. Note that we used the
peak value of the SC response at a fixed delay as the definition
with the least arbitrary elements. Similar results were obtained
with a fitting procedure consisting of two components (SC and
PG components) as described in Appendix B.

The T dependence of ASC below Tc can be fairly fit by
Mattis-Bardeen (MB) formula [37] [solid line in Fig. 2(a)]
indicating that the SC state is completely suppressed at the
particular pump fluence, FP, as confirmed also from the flu-
ence dependence discussed below in Sec. III B. The obtained

FIG. 2. (a) The temperature dependencies of the SC amplitudes
ASC, obtained by method (i), for (solid circles) Eu-Bi2201 and (open
circles) La-Bi2201. The solid lines are fits to the data using the
Mattis-Bardeen formula [39] with BCS-like gap function resulting in
Tc = 19 ± 0.6 K for Eu-Bi2201 and 30 ± 1.6 K for La-Bi2201. The
residual component above Tc is attributed to the SC fluctuations while
the high-T offset is due to the EPR background. The temperature
dependencies of the PG amplitudes APG, obtained by method (ii), for
(b) Eu-Bi2201 and (c) La-Bi2201. The solid line in each graph is the
fit to the data using Kabanov formula [40] based on the temperature
independent gap. The inset in each plot shows APG, obtained by
method (i), and the corresponding Kabanov formula fit. Note that in
method (i) APG is defined with a minus sign, APG = −�r/r|tPpr=300 fs.

Tc = 19 ± 0.6 K (R = Eu) and Tc = 30 ± 1.6 K (R = La)
are in good agreement with those obtained from magnetic
susceptibility (T m

c = 20 K for R = Eu and T m
c = 34 K for

R = La). Within ∼10 K above Tc ASC significantly departs
form the background (and the MB fit). The presence of the
SC component at temperatures above Tc is attributed to the
SC fluctuations [38].

As shown in Fig. 1, the PG response appears as a sharp
negative peak in the time range tPpr = 0.2–0.5 ps and its
decay time is almost temperature independent (τ PG

2p ≈ 0.8–
1 ps). In the temperature range of T > 75 K, the amplitude
of the PG response decreases with increasing temperature, but
its presence can be identified as a dip in the EPR response
[Figs. 1(e) and 1(f)]. The PG response thus overlaps with
the EPR response in the normal state and the SC response
below Tc.

In Bi2212 it was shown [32,41] that the EPR response is
virtually T independent. The temperature evolution of �r/r
in the present case suggests the same behavior. The high-
T �r/r maximum appears at tPpr ∼ 0.15 ps while the �r/r
minimum in the PG state is delayed at tPpr = 0.3 ps while at
intermediate T both peaks are present simultaneously in the
data. Moreover, as shown in Appendix B, subtraction of the
high-T �r/r from the lower-T transients results in a single-
exponential dynamics of the residual �rs/r in the PG state and
two-component behavior in the SC state. We therefore analyze
the data assuming that the highest-T �r/r corresponds to
the T -independent hot-electron [42] EPR response [32]. The

014503-3



T. AKIBA et al. PHYSICAL REVIEW B 109, 014503 (2024)

total �r/r therefore consists of the EPR and PG components,
which contribute mainly to the sub-picosecond response, and
the slower SC component discussed above.

Due to similar timescales of the EPR, PG components
and the SC risetime dynamics in combination to relatively
small signal/noise ratio it is not possible to decompose the
signal by multicomponent fitting. We therefore analyze the
T -dependent data in two ways: (i) by a direct readout of
�r/r at the selected tPpr’s, that maximize either the PG or
SC component contribution and (ii) by two component fitting
of the �rs/r presented in Appendix B. Both approaches give
equivalent results.

In Figs. 2(b) and 2(c), we plot APG obtained by method
(ii) and as inset by method (i) [43]. The solid lines are
approximations of the temperature dependence of photoex-
cited carrier density using a temperature-independent gap �PG

model derived by Kabanov et al. [40]. Considering that the
SC fluctuations are present just above Tc, we omit fitting the
model to the data in the temperature range below 50 K for R =
La and below 30 K for R = Eu, respectively. The magnitudes
of the PG estimated from the approximation are �Eu

PG = 54 ±
5 (48 ± 4) meV and �La

PG = 45 ± 5 (44 ± 6) meV [44] The
values in parentheses correspond to method (i), suggesting
that the PG increases with increasing spatial inhomogeneity.
The results also indicate the anticorrelated changes of the
SC and PG gap with respect to the R substitution, which
correspond well with the results of the previous ARPES and
STM measurements [19,20,36].

By virtue of the low Tc of Eu-Bi2201, a temperature de-
pendence is visible in the temperature range of T = 20–60 K,
indicating a small contribution of thermally excited carri-
ers across �PG. Note that the increase/decrease in the APG

in the SC state has virtually identical shape to ASC, and is
due to the contribution of the SC component to APG, which
has different sign depending on the method. As temperature
increases, the number of photoexcited carriers decreases ex-
ponentially during the bottleneck because the photoexcitation
energy is efficiently dissipated in phonon excitations [40].
This trend is consistent with the results for various high-Tc

cuprates [24–27,41,45]. On the other hand, the narrower flat
temperature region in La-Bi2201 indicates that the SC fluctu-
ations above Tc extend up to a larger T .

B. Photoexcitation fluence dependence

The pump-fluence dependencies of the photo-induced
quasiparticle dynamics measured by the 2-pulse pump-probe
spectroscopy are summarized in Fig. 3 (left for R = Eu
and right for R = La). The �r/r at the lowest temperature
T = 10 K, where the SC response dominates, are shown in
Figs. 3(a) and 3(b), while �r/r at T = 50 K, where the
PG response dominates, are shown in Figs. 3(c) and 3(d).
Figures 3(e)–3(h) show plots of the SC and PG amplitudes as
a function of the pump-fluence obtained by method (i) [46]
The high-T measurements indicate a linear scaling of the
EPR response with increasing fluence. However, method (ii) is
very demanding experimentally since it would require high-T
fluence dependence measurements of the EPR component at
identical conditions. The saturation regions deviating from

FIG. 3. The fluence dependencies for (left) Eu-Bi2201 and
(right) La-Bi2201. �r/r at various pump fluence [(a), (b)] at T =
10 K and [(c), (d)] at 50 K. Each plot is vertically shifted for clarity.
Plots of the SC [(e), (f)] and PG [(g), (h)] amplitudes derived from
(a)–(d). The solid lines are the results of fitting by the analytical
model given by Eq. (C3) [47], with estimated destruction thresholds
of FSC

th = 1.4 ± 0.4 µJ/cm2 and FPG
th = 35 ± 8 µJ/cm2 for R = Eu,

and FSC
th = 0.99 ± 0.17 µJ/cm2 and FPG

th = 25 ± 3 µJ/cm2 for R =
La, respectively.

the linear dependence imply photoinduced phase destruc-
tions [47,48].

At small pump fluences [49], the transient response ex-
hibits a linear scaling with the fluence [47], whereas as the
fluence increases to the condition that induces a phase destruc-
tion in the photoexcited volume, the response deviates from
the linear dependence. The saturation threshold FSC

th is derived
from the fit to the data using the model that takes into account
a finite-penetration-depth excitation described in Appendix C.

The results indicate FSC
th = 1.4 ± 0.4 µJ/cm2 (R = Eu)

and 0.99 ± 0.17 µJ/cm2 (R = La) for the SC response. We
note that these values are small compared to that of Bi2212
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MgB2

LSCO
pnictides

La

Bi2201

Eu

Bi2212
YBCO

FIG. 4. The optical destruction energy planar density Udp as a
function of T 2

c obtained from the saturation threshold FSC
th , where

Bi2201 data are compared to Fe-based pnictides, MgB2 [50] and
LSCO [47]. The inset shows Ud normalized to the Cu content for
various cuprates [48].

(FSC
th = 8−14 µJ/cm2 in Ref. [41,45]). By applying identi-

cal analysis to the PG response, we estimate the destruction
thresholds of the PG state to be FPG

th = 35 ± 8 µJ/cm2 (R =
Eu) and 25 ± 3 µJ/cm2 (R = La).

On the other hand, the threshold for the SC destruction
does not correlate with the change in Tc, and is rather higher
for R = Eu than for R = La. We note that similar trend
was obtained from the fits with more precise model based
on Eq. (C1) with FSC

th = 1.75 ± 0.36 µJ/cm2 (R = Eu) and
1.44 ± 0.24 µJ/cm2 (R = La). Using FSC

th , the optical energy
density required to destroy the SC state in the photoexcited
volume is obtained as Ud/kB = FSC

th (1 − r)λp = 1.4 K/Cu
(R = Eu) and 0.98 K/Cu (R = La). Here we used the opti-
cal penetration depth of λp = 106 nm and the reflectivity of
r = 0.16 at the pump photon energy 3.1 eV, estimated from
the La-doped OPD-Bi2201 data [51], assuming that the Eu
doping does not significantly affect the relevant optical prop-
erties. These Uds are much smaller than the energy required to
thermally heat the sample above Tc, indicating a nonthermal
SC destruction.

In the initial phonon-mediated carrier relaxation process,
only the high-energy phonons that satisfy h̄ω > 2�SC con-
tribute to the pair breaking, while the remaining excess energy
is dissipated by the low-energy phonons. Ud is thus given by
the sum of the thermodynamic condensation energy and the
energy transferred to the low-energy phonons. Previous sys-
tematic measurements have shown that the latter is dominant
in various high-Tc superconductors [48].

In Fig. 4, we plot the single CuO2 (FeAs, Mg) plane
destruction-energy planar density Udp of various layered su-
perconductors as a function of T 2

c [48,52]. The Udp of
La-Bi2201 follows the trend observed in Ref. [52], while the
Udp of Eu-Bi2201 appears anomalously large. Looking at the
cuprates only (see inset of Fig. 4) and normalizing to the Cu
content the La-Bi2201 data point correlates well with what
was reported in Ref. [52]. The Eu-Bi2201 data point appears
high also with the Cu content normalization. This indicates

FIG. 5. Results of 3-pulse quench spectroscopy for (left) Eu-
Bi2201 and (right) La-Bi2201 at T = 10 K with the same
photoexcitation conditions (FD = 35 µJ/cm2 and FP = 17 µJ/cm2).
[(a), (b)] Density plots of �r/r as functions of pump-probe delay
time tPpr and elapsed time tDP after the D-pulse excitation. [(c), (d)]
Transient �r/r at selected tDP. Each trace is vertically shifted for
clarity. (e) Schematic illustration of the 3-pulse quench experiment
with the delay notations.

that the assumption that the optical penetration depth is similar
in both samples is incorrect with strong indication that the
penetration depth in Eu-Bi2201 is significantly larger.

C. Three-pulse quench experiments

To study the SC and PG states recovery upon photoexcita-
tion we also employed the 3-pulse quench spectroscopy [53]
combining destruction (D) pulses with the P-pr spectroscopy.
Figure 5 shows the transient responses after the optical
quench of Eu-Bi2201 (left) and La-Bi2201 (right) measured at
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FIG. 6. Plots of [(a), (b)] SC and [(c), (d)] PG amplitudes for
[(a), (c)] Eu-Bi2201 and [(b), (d)] La-Bi2201 derived from Fig. 5
(FD = 35 µJ/cm2 and FP = 17 µJ/cm2). The SC amplitudes (ASC)
are normalized by the SC amplitude without the D pulse. The grey
circles in (a) are the results obtained under a weaker excitation
condition (FD = 11 µJ/cm2 and FP = 10 µJ/cm2).

T = 10 K, with the D-pulse fluence FD = 35 µJ/cm2 and
FP = 17 µJ/cm2. The FD is more than 10 times higher than
the FSC

th and comparable to the FPG
th . In Figs. 5(a) and 5(b), we

show the density plots of �r/r, where the vertical axis corre-
sponds to the elapsed time after the D-pulse quench tDP [see
Fig. 5(e) for the definition]. The �r/r as a function of tPpr at
selected tDP are shown in Figs. 5(c) and 5(d). In both samples,
the time regions of tPpr, where the SC and PG responses are
dominant, are well separated, allowing comparison of the SC
and PG recovery dynamics under the same optical conditions.

When the D pulse arrives, both the SC and PG components
are rapidly suppressed. Then the PG component recovers
first [54]. In Figs. 5(a) and 5(b) �r/r up to tDP ∼ 5 ps is
dominated by the sub-picosecond PG response (cold-color
component). Subsequently, from tDP ∼ 10 ps on, the recov-
ery of the SC response becomes dominant and changes to a
response that is qualitatively similar to the �r/r without the
D pulse [see the top rows in Figs. 5(c) and 5(d)]. Note that ASC

in La-Bi2201 recovers to the same magnitude as ASC without
D pulse, whereas ASC recovery in Eu-Bi2201 is smaller in
amplitude, reaching up to 80% at the longest tDP ∼ 200 ps.

The evolutions of the SC (ASC) and PG amplitudes (APG)
as a function of tDP are shown in Fig. 6, where ASC is normal-
ized by the SC amplitude without the D pulse in Figs. 6(a)
and 6(b). For Eu-Bi2201 we also present data obtained under
a weaker quench condition (FD = 11 µJ/cm2 ∼ 10FSC

th and
FP = 10 µJ/cm2). In Figs. 6(c) and 6(d), the PG starts to
recover immediately after the photodestruction, and shows a
peak at ∼1 ps reflecting the completion of the PG formation.
Then APG decreases again affected by the increase in ASC. A
comparison of the SC and the PG recoveries indicates that the
SC state grows significantly only after the completion of the
PG recovery in both samples. The recovery time of the APG is
τ PG

rec < 1 ps for both R-Bi2201.
Due to the low Tc of Eu-Bi2201, ASC is not fully recovered

even at tDP = 200 ps, suggesting that the subsequent recovery
is dominated by the heat diffusion from the D-pulse excitation

FIG. 7. The PG component relaxation time obtained by method
(ii) as a function of T . The SC-state data points, where the value is
affected by the the SC component risetime dynamics, are marked by
different color.

volume. At the D-pulse excitation condition with the lower
fluence (below FPG

th ), ∼90% recovery of ASC is observed in
Eu-Bi2201 at tDP ≈ 100 ps [grey circles in Fig. 6(a)].

IV. DISCUSSION

First, we note that the SC dynamics of R-Bi2201 reflect
the characteristics of the high-Tc cuprates with small SC gap.
The decay of the SC component in R-Bi2201 (τ SC

2p = 15–25 ps
in R = Eu and 10–15 ps in R = La) is slower than that of
Bi2212 (τ SC

2p � 5 ps) and close to that of LSCO (τ SC
2p ≈ 10 ps).

The slow SC component relaxation time is understood in the
context of enhancement of the quasiparticle reexcitation by
the high-energy phonons due to the small SC gap. The small
optical SC destruction energy Ud in Fig. 4 is also consistent
with the small SC gap.

Next, we consider the characteristics of the PG state of
R-Bi2201. The relaxation time of the PG component (see
Fig. 7) drops with increasing T and has similar magnitude
than in other cuprates (τ PG

2p = 0.2–0.8 ps for Bi2212 [41,45],
0.2–0.6 ps for LSCO [27], ∼0.5 ps for YBCO [55]). Con-
sistently, in contrast to the SC dynamics, τ PG

2p is only weakly
dependent of the R substitution in Bi2201.

Looking at the drop and the difference in (and near in
La-Bi2201) the SC state it is not entirely clear whether the
change can be attributed to an actual drop of τ PG

2p as the PG
decay overlaps with the SC component rise. In Bi2212 the
behavior of τ PG in the SC state is controversial since the data
show no change [41] of τ PG when crossing Tc while in Y-
substituted Bi2212 a drop is observed [56] below Tc. Since the
Y substitution affects the out-of-plane disorder in Bi2212 and
our R-Bi2201 samples show R-dependent drop there appears
that the out-of-plane disorder affects the coupling between
the SC and PG dynamical responses. The behavior between
the two families appears anticorrelated; however, since the
larger disorder (R = Eu) sample shows a smaller relative
drop of τ PG.

Because of the low Tc of Eu-Bi2201, the T dependence of
the APG clearly shows a wider flat region at low-T > Tc, satis-
fying the theoretical curve characterized by the T -independent
�PG [Fig. 2(b) and its inset] [40]. La-Bi2201 shows a nar-
rower flat APG region around T ≈ 70 K, which is completely
absent in the direct-readout method (i) data points due to the
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pronounced contribution attributed to the SC fluctuations. The
enhancement of the fluctuations can also be seen directly in
the SC dynamics above Tc [Fig. 2(a)] and the drop of τ PG

2p
sets in well above Tc. The SC fluctuations therefore penetrate
deeply into the PG state in La-Bi2201.

Similar to the previous ARPES and STM stud-
ies [19,20,36], our time-resolved studies suggest that the
out-of-plane disorder increases the PG energy, and reduces
Tc. Recent NMR studies have reported that the external
pressure that promotes high Tc in cuprate superconductors
redistributes holes in favor of oxygen sites [17]. On the other
hand, STM studies have suggested that the charge ordering in
the PG state consists of a spatially localized charge structure
on oxygen sites with d-wave symmetry, and that charges on
the Ox and Oy sites are modulated by the same wave vector
but are out of phase [18]. Thus, the out-of-plane disorder
in optimally doped samples may reduce the SC state and
enhance the PG state by randomly modulating holes on
oxygen sites.

Finally, we discuss the recovery dynamics of the SC and
PG states. Here we note that the processes that govern the
SC state recovery are essentially excitation density depen-
dent [53,57]. Just above the destruction threshold the SC-state
recovery is initiated by the fast quench of the electronic (and
strongly coupled phonon) degrees of freedom to the lattice
heat bath T , on a picosecond timescale, followed by the
nonthermal time-dependent Ginzburg-Landau order parame-
ter dynamics [53]. At much higher excitation densities, the
lattice heat bath T exceeds Tc and the recovery is dominated
by the deposited energy removal out of the excited volume
on a nanosecond or slower timescale resulting in a slow
quench.

In the present experiment, the maximum photoexcited
lattice-bath temperature Tb near the surface at the center of
the beam is estimated [58] to reach ∼20 K at 11 µJ/cm2 exci-
tation (3-pulse low-FD data, cf. Fig. 6), ∼28 K at 35 µJ/cm2

excitation (3-pulse data, cf. Fig. 5) and ∼30 K at 45 µJ/cm2

excitation (2-pulse low-T data, cf. Fig. 1). The slow recovery
conditions are therefore avoided in the La-Bi2201 sample
at 35 µJ/cm2 excitation while in the Eu-Bi2201 sample the
slow recovery conditions should be present already, due to the
lower Tc. Surprisingly, both, the 2-pulse and 3-pulse data for
Eu-Bi2201 do not show a clear distinction in comparison to
the La-Bi2201 sample indicating that the quench conditions
are similar and Tb is lower in Eu-Bi2201. As mentioned above,
the optical penetration depth in Eu-Bi2201 should be therefore
much larger than in La-Bi2201. Our data suggest ∼2 − 3
times larger penetration depth. Unfortunately, no optical data
for Eu-Bi2201 is available to crosscheck our estimate.

Comparing the SC state recovery timescale in R-Bi2201 to
LSCO [53] we find that the SC recovery in the fast-quench
setting is somewhat slower in R-Bi2201 with the fast SC
component recovery within ∼100 ps in comparison to ∼20 ps
in LSCO. In Bi2212 [57] a much faster initial SC recovery, on
a ∼5 ps timescale was observed.

Looking at the PG state suppression the behavior is very
different among different cuprates. In LSCO the PG suppres-
sion threshold is very large, ∼750 µJ/cm2 [59] in Bi2212
is ∼50 µJ/cm2 [32,41] while in the present R-Bi2201 it is
∼40 µJ/cm2, and does not correlate with the �PG magnitudes,

which are rather similar in the 30–50 meV range in LSCO,
Bi2212, and R-Bi2201.

The PG state recovery was studied with the 3-pulse tech-
nique only in Bi2212 [57], where τ PG

rec = 0.6–0.8 ps was
observed at T > Tc that is nearly independent of FD and T and
is approximately equal to the 2-pulse relaxation time, τ PG

2p . In
R-Bi2201 we observe virtually identical behavior with similar
recovery times.

V. CONCLUSIONS

In summary, we performed optical time-resolved spec-
troscopy on OPD R-Bi2201 with different disorders in order
to investigate the SC and PG properties and their relation-
ship to the nonequilibrium quasiparticle dynamics. Overall the
observed dynamic behavior is consistent with the behavior
observed in other high-Tc families, where the characteristic
sub-picosecond relaxation time scale in the PG state does not
vary strongly among families, while the characteristic slower
SC state relaxation slows down with decreasing Tc.

The difference in the spatial inhomogeneity due to the R
substitution is found to affect the PG magnitude estimated
from the temperature dependencies of the QP dynamics. The
data also hint that the out-of-plane disorder affects the cou-
pling between the SC and PG dynamical responses.

The presence of the SC fluctuations above Tc is observed in
both samples, where especially in the La-Bi2201 sample the
fluctuations appear in the temperature range more than 10 K
above Tc.

The planar optical destruction energy densities of the SC
state are consistent with the T 2

c dependence of the data ob-
tained for other high-Tc superconductors. The 3-pulse quench
spectroscopy indicates the correlation between SC and PG
in the recovery dynamics, where the SC recovery evolves
cooperatively once the PG has recovered.
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APPENDIX A: MAGNETIC SUSCEPTIBILITIES
OF THE SAMPLES

The optimization of the doping level of the two samples
has been checked by the optimal T m

c values evaluated from the
magnetic susceptibility measurements as displayed in Fig. 8.

APPENDIX B: TEMPERATURE DEPENDENT DATA
ANALYSIS AND FITS

Assuming a T -independent EPR component correspond-
ing to the high-T �r/r we plot in Fig. 9 the T -dependent
data with subtracted EPR component, �rs(T ) = �r(T ) −
�r(Tmax), where Tmax = 260 K and Tmax = 280 K, for R = Eu
and La, respectively. Similar to the case of Bi2212 [32,41], it
turns out that �rs in the PG state can be described by a single
exponentially relaxing component. Moreover the initial part
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FIG. 8. Temperature dependence of magnetic susceptibility, es-
timated to be T m

c = 34 K for La-Bi2201 and T m
c = 20 K for

Eu-Bi2201.

of the subtracted transients in the full-T range can be fit by a
simple two-component model,

�rs

r
= Aτ

∫ ∞

0
G(t − u) exp−u/τ du

+ Ainf

∫ ∞

0
G(t − u)du, (B1)

where G(t ) =
√

2
π

1
τp

e
− 2t2

τ2
p corresponds to the effective exci-

tation pulse with the characteristic width τp. To fully fit the
risetime we set τp to be a dataset-global fit parameter an
obtain τp = 0.28 ± 0.06 ps, identical in both samples within
the error bar. The τp value is larger than the convoluted pump
and probe pulse width, τPp = 0.19 ± 0.02 ps, indicating the
delayed excitation of the low energy states due to the primary
photoexcited electron-hole relaxation and thermalization via
electron-electron and electron-phonon scattering.

FIG. 9. Transient reflectivity with subtracted high-T response.
The lines are the fits discussed in text.

(a)

(b)

FIG. 10. Temperature dependence of the fit parameters. The ver-
tical dotted lines correspond to the samples Tc.

In Fig. 10 we plot T dependencies of the relaxation times
and component amplitudes obtained from the fit (B1). In
the PG state Ainf ∼ 0 and grows when entering the SC state
and can be considered a good almost-background-free proxy
of the SC component amplitude ASC. The fast-relaxation-
component absolute amplitude |Aτ | increases with decreasing
T developing a plateau below Tpl ∼ 70 K, increasing further
upon entering the SC state. The relaxation time increases with
decreasing T from τ ∼ 0.2 ps at the highest T showing a
maximum of τ ∼ 0.9 ps at Tm ∼ 20 K ∼ Tc for R = Eu and
of τ ∼ 0.7 ps at Tm ∼ 60 K for R = La dropping to τ ∼ 0.7
and τ ∼ 0.5 ps in the SC state at T = 5 K, for R = Eu and
La, respectively. In the PG state it corresponds to the PG
component amplitude, APG ∼ |Aτ |, while in the SC state an
admixture of ASC cannot be avoided.

APPENDIX C: SATURATION MODEL

Assuming that the photoinduced transient dielectric func-
tion at the probe wavelength can be expressed as �ε(z) =
�ε0g(z), where g(z) is a real function and �ε0 is a com-
plex constant, the transient reflectivity can be expressed
as [60]

�r

r
= 4ωpr|�ε0|

c0|N 2 − 1|
∫ ∞

0
dze−αz

× cos

(
2n

ωpr

c0
z − φ(N ,�ε0)

)
g(z). (C1)

In addition to the probe index of refraction, N = n + ıκ , and
the absorption coefficient α(κ ), which are given by the static
optical properties, the integral kernel depends on the phase
shift φ(N ,�ε0). The phase shift can strongly influence the
kernel shape and, as a result, the depth sensitivity of the probe.

014503-8



PHOTOINDUCED QUASIPARTICLE DYNAMICS OF SINGLE … PHYSICAL REVIEW B 109, 014503 (2024)

It cannot be determined from the static optical constants only
and needs to be determined from the transient data.

In the case of coaxial Gaussian beams with finite diame-
ters (C1) can be easily extended by an additional integration
in the radial direction [61] where g(r, z) is obtained from an
appropriate effective model by taking into account the excita-
tion density spatial dependence,

U (r, z) = F (1 − rP)αP exp

[
−αPz − 2r2

ρ2
P

]
, (C2)

where r corresponds to the radial distance from the beams
center while rP, αP, and ρP are the pump reflectivity, absorp-
tion coefficient, and beam diameter, respectively.

To take into account the suppression of the SC (PG) state
resulting in a nonlinear �ε excitation dependence we assume
a simple phenomenological saturation model [47,60] where
we approximate the local amplitude of the transient dielec-
tric function change, �ε(r, z) ∝ g(r, z), by a piecewise linear
function of the locally absorbed energy density U (r, z) that
has different slopes below and above Ud,

g(r, z) = h(U (r, z)),

h(u) =
{

u
Ud

; u < Uth

1 + a
(

u
Ud

− 1
)
; u � Uth

. (C3)

Here a corresponds to the relative slope in the normal state,
while Ud is related to the external threshold fluence by Ud =
Fth(1 − rP)αP.

In the literature [41,47,48,52] by some of the present au-
thors, simplified less-accurate kernel with omitted cos(...)
factor was used. In order to compare with the previous re-
sults (see Fig. 4) we therefore use Eq. (C1) with the cos(...)
factor omitted while reporting also the more accurate values
separately.

APPENDIX D: ERROR BARS OF THE OPTICAL
DESTRUCTION ENERGY PLANAR DENSITY Udp

The error bars on Udp include two contributions. Apart
from the statistical fitting error there is a systematic error of
the optical penetration depth, which was approximated from
a similar optimally doped La-(Bi,Pb)2201 sample in Heumen
et al. [51]. Such error cannot be reliably estimated. For the La-
Bi2201 sample, which is the most similar to La-(Bi,Pb)2201,
the spread of data with varying the doping and Pb content in
Heumen et al. suggests an optical conductivity error of ∼30%
at the pump-photon energy. For the (less similar) Eu-Bi2201
sample the error must be even larger. As discussed in the main
text, the highest fluence 3-pulsed data for this sample indicate
that the optical-conductivity estimate systematic error must be
in the ∼60% range.
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