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In high-temperature superconductivity, the process that leads to the formation of Cooper pairs,
the fundamental charge carriers in any superconductor, remains mysterious. We used a femtosecond laser
pump pulse to perturb superconducting Bi2Sr2CaCu2O8+d and studied subsequent dynamics using
time- and angle-resolved photoemission and infrared reflectivity probes. Gap and quasiparticle population
dynamics revealed marked dependencies on both excitation density and crystal momentum. Close to
the d-wave nodes, the superconducting gap was sensitive to the pump intensity, and Cooper pairs
recombined slowly. Far from the nodes, pumping affected the gap only weakly, and recombination
processes were faster. These results demonstrate a new window into the dynamical processes that
govern quasiparticle recombination and gap formation in cuprates.

The lifetime of Bogoliubov quasiparticles,
the low-energy excitations of a supercon-
ductor, contains a wealth of information

pertinent to the origin of superconductivity in a
given material (1). This lifetime reflects two dis-
tinct processes: quasiparticle scattering and recom-
bination. In the former, a quasiparticle scatters
from one momentum state to another, conserving
the fermionic particle number. Recombination,
by contrast, refers to interactions in which two
quasiparticles annihilate. To conserve energy and
momentum, recombination must involve emis-
sion of other excitations—for example, phonons

ormagnons—towhich the quasiparticles are strong-
ly coupled. Measurement of quasiparticle recom-
bination rates as a function of their energy and
momentum can, in principle, provide direct infor-
mation about the interactions that induce Cooper
pairing and superconductivity (2). Only recently,
with the demonstration that angle-resolved photo-
emission spectroscopy (ARPES) can be performed
with ultrashort laser pulse sources (3–9), have
measurements with the necessary energy, momen-
tum, and time resolution become possible. We
present the results of experiments that use syn-
chronized laser pulses to perform time-resolved

ARPES measurements of quasiparticle recombi-
nation and gap dynamics in the high-temperature
superconductor Bi2Sr2CaCu2O8+d.

Measurements were performed at 18 K on
an optimally doped sample with a critical tem-
perature (Tc) of 91 K. A transient state is created
with an infrared laser pump pulse (hn = 1.48 eV,
where ħ is Planck's constant and n is the photon
frequency). and measured via photoemission
shortly thereafter, with a temporal resolution of
300 fs, using an ultraviolet probe pulse (hn =
5.9 eV). The experiment benefits from high
momentum and energy resolution (0.003 Å−1

and 23 meV, respectively) and the ability to
explore low pump fluences (2 to 15 mJ/cm2).

Figure 1 shows typical equilibrium and tran-
sient ARPES dispersions (t = −1 and 0.6 ps,
respectively) for cuts along nodal and off-nodal
directions in k-space. Here, the time origin t = 0
coincides with the application of the pump pulse.
The off-nodal cut has an equilibrium gap of
15 meV. In both cuts, a well-defined kink [marked
by arrows in (A), (B), (F), and (G)] (10, 11) sepa-
rates sharply defined coherent dispersive features
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Fig. 1. Typical ARPES disper-
sions before and after pumping
for nodal (f = 45°) and gapped
(f = 31°) regions of k-space.
The incident pump fluence was
5 mJ/cm2. (A) Equilibrium (t =
−1 ps) and (B) transient (t =
0.6 ps) energy-momentummaps
for the nodal state. Data are
shownwith identical color scales.
The inset shows the location of
the cut. The arrow marks the
position of the dispersion kink.
(C) Subtraction between (A) and
(B). Blue indicates intensity gain
and red intensity loss. (D) Ener-
gydistribution curves (EDCs) from
k1 to k4 for equilibrium (in black)
and transient (in red) states. EDCs
are shifted vertically for ease of
comparison. (E) Difference be-
tween transient and equilibrium
EDCs, integrated across the dou-
ble black arrow in (C). (F to J)
Same as (A to E) but for a gapped
(off-nodal)momentumcut. Spec-
tra have been corrected for de-
tector nonlinearity. The diagonal
line in the lower right portion
of (F) and (G) is the edge of the
detector.
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from poorly defined incoherent features, as is
also visible in the selected energy distribution
curves (EDCs) shown in (D) and (I). The follow-
ing changes are evident in the transient spectra: (i)
a decrease in intensity below the Fermi level (EF)
and slight broadening in the coherent spectra [(C
to E) and (H to J)], similar to a previous report for
nodal quasiparticles (5) and mainly confined below
the kink binding energies (10, 11); (ii) an overall
transfer of spectral weight across EF [(C), (E), (H),
and (J)], indicating the creation of transient quasi-
particles; and (iii) a small shift of the spectral peak
toward EF in the off-nodal cut [(H and (I)], indi-
cating a partial closure of the superconducting gap.

Figure 2 shows the temporal evolution of the
superconducting gap in response to photoexcita-
tion, as extracted from symmetrized EDCs at kF,
the Fermi wave vector (12). Panels (A and B) and
(C and D) correspond to two representative cuts
at f = 32° and f = 27°, respectively, with f de-
fined according to the inset of (E). These spectra
indicate very different responses of the gap
amplitude to photoexcitation for the two cuts.
The gap is relatively insensitive to fluences be-
low 5 mJ/cm2, but a fluence of 13 mJ/cm2 induces
a clear reduction in size. As shown in (E), the gap
closer to the node decreases by 55% of its equi-
librium magnitude, whereas the gap at f = 27°
decreases by only 20%. This may indicate dif-
ferent dynamics inside and outside the Fermi arc,
which is reported to end rather abruptly at f =
30° for samples of this doping (13, 14), although
studies farther from the node are needed. Gap
recovery rates are illustrated in Fig. 2F, where the
curves from (E) have been inverted and rescaled
by their maximum change. The initial recovery
rate is slower for states closer to the node (0.9 T
0.6 ps−1) than for states farther from the node

Fig. 2. Evolutionof the superconductinggapafter pumpexcitation. Symmetrized EDCs at kF forf =32°at low (A)
and higher (B) fluence. The gap is obtained by fitting to a phenomenologicalmodel (12), but can be approximated
by halving the distance between positive and negative peaks. Bold curves correspond to t = 0. For additional gap
fittingdetails, see supplementarymaterials (15). (CandD) Analogous EDCs for a cut atf =27°. (E) Gapmagnitude
normalized by its equilibrium value versus pump-probe delay formomentum cuts at f =27° and f =32°. (F) Gap
magnitude, inverted and normalized by maximal change upon pumping in order to compare recovery rates.

Fig. 3. Quasiparticle recombination dynamics versus
pump fluence and crystal momentum. ARPES data
correspond to intensity change above EF (∆I) as
integrated between the blue and black double arrows
in Fig. 1C. Time-resolved reflectivity rates correspond
to fractional change in reflectivity. (A) Nodal decay
curves at 2, 5, and 10 mJ/cm2, normalized to the same
amplitude. (B) Analogous off-nodal decay curves (f =
31°). (C) Overlay of nodal and off-nodal curves at the
same fluence. (D) Initial decay rate g0 versus fluence,
obtained by fitting decay curves at short times [for
∆ I (t) ≳ ∆ I0/2) to the convolution of a Gaussian
and the function f(t) = ∆I0e−g0(t−t0)Q(t − t0), where
∆I0 and t0 are additional fit parameters. Time-
resolved reflectivity rates were multiplied by 3/2 in
order to take the finite penetration depth of the
optical probe into account (15).
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(1.3 T 0.6 ps−1), although the contrast is less ap-
parent than that between amplitudes.

Figures 3 and 4 show quasiparticle recombi-
nation dynamics. In this low-fluence regime, the
gap is almost unchanged for most of the recovery
process, so quasiparticle recombination is largely
decoupled from gap dynamics. Figure 3, A to C,
shows the temporal evolution of the above-EF
spectral change ∆I for representative nodal and
off-nodal k-space cuts, where∆I is defined by the
integrated intensity change across the blue and
black double arrows in Fig. 1C. The spectral
change is nearly symmetric above and below EF
in this fluence regime, so we focus on the inten-
sity above EF because of its superior statistics and
smaller background. Faster decay rates occur at
higher fluences and off-nodal momenta, an effect
that cannot be explained by equilibriumheating (15).

Figure 3D summarizes the dependence of
quasiparticle recombination on fluence and mo-
mentum. The rate g0 is defined by fitting the de-
cay curves at short times to the convolution of a
Gaussian and decaying exponential (16, 17). In
line with Fig. 3, A to C, two prominent decay rate
trends are apparent: (i) fluence dependence, with
faster initial decay rates g0 occurring at higher
fluences; and (ii) momentum dependence, with
off-nodal decay rates increasing faster with flu-
ence than those at the node. The first trend im-
plies that intrinsic quasiparticle recombination
processes are observed (17, 18). The second trend
indicates that this recombination occurs more rap-
idly in off-nodal regions of k-space than at the
node. The fluence dependence is also comple-
mentary to ultrafast studies using all-optical tech-
niques, which report a marked dependence of
decay rate on fluence, particularly in the low-
fluence regime (16–20), and there is overall
agreement between the ARPES results and a
time-resolved reflectivity measurement taken on
the same sample (gray circles in Fig. 3D). The
decay rate measured by reflectivity is uniformly
faster than nodal ARPES decay rates (cuts 5 and
6), but slower than the off-nodal rates (cuts 1 to

3), suggesting that optical spectroscopy provides
an effective momentum-integrated average of the
quasiparticle population. Notably, along both
f = 27° and 32° directions, quasiparticle decay
rates are slower than the gap recovery rates in
Fig. 2: Compare 1.3 T 0.4 ps−1 and 0.9 T 0.6 ps−1

for the gap recovery versus 0.49 T 0.06 ps−1 and
0.37 T 0.01 ps−1 for the intensity recovery. This
indicates that the superconducting gap recovers
well before the nonequilibrium quasiparticle pop-
ulation drops to zero. A potentially related effect
occurs at equilibrium in the Bardeen, Cooper,
and Schrieffer (BCS) model, where the gap be-
comes large for T only slightly below Tc. Finally,
the fluence and momentum dependencies re-
ported here contrast with the findings of another
time-resolved ARPES work (6), in which the
quasiparticle recombination rate was reported to
be independent of both fluence and momentum.
The discrepancy might be explained by the
higher fluences used in the previous work, which
likely result in a complete closure of the super-
conducting gap, or by the coarser momentum and
energy resolution compared to the present study.

As noted above [see also supplementary ma-
terials (15)], the fluence dependence of g0 means
that ARPES decay rates are connected to intrinsic
quasiparticle recombination processes. Time-
resolved optical measurements indicate that the
total (momentum-integrated) population of pho-
toexcited quasiparticles nex(t) can be described by
a bimolecular rate equation (17, 18),

ṅex
nex

¼ −Rðnex þ 2nTÞ ð1Þ

whereR is a quasiparticle recombination constant,
and nT is the population of thermal quasiparticles.
This is a special case of the Rothwarf-Taylor mod-
el of quasiparticle recombination (21), which has
been successfully used tomodel dynamics of both
conventional and high-temperature supercon-
ductors (17–20, 22–28). The general model also
incorporates negative feedback from “hot” bosons
(ħw ≳ 2∆) that are created by the quasiparticle
decay process. For low fluence and temperature
the model reduces to Eq. 1 under both weak feed-
back and strong feedback (boson bottleneck)
scenarios, which produce differing interpreta-
tions of the coefficient R (17, 23). In both ap-
proximations, bimolecular recombination is the
active ingredient in fluence-dependent dynamics.

In contrast to time-resolved optics,ARPESmea-
sures the momentum-dependent nonequilibrium
quasiparticle density nk(t). The short-time fluence-
dependent recombination dynamics are given by

ṅk
nk

≈ − ∫Rkk ′nk ′d
2k ′ ð2Þ

where Rkk′ is a modified recombination coeffi-
cient for the interaction between quasiparticles
at specific points k and k′ in reciprocal space. A
weighted average ofRkk′ over k′ is given by ∂g0/∂F,
the rate of increase of the initial decay rate g0 with
fluence (15). Figure 4 shows an analysis of ∂g0/∂F
as calculated by fitting straight lines to the data

in Fig. 3D for fluences F < 12 mJ/cm2. It is clear
that ∂g0/∂F increases with decreasing Fermi
surface angle f, which means that the rate of re-
combination is enhanced as the quasiparticle
momentum moves farther from the node.

One potential scenario for the momentum de-
pendence of the recombination rates is that with
increasing distance from the node, the quasipar-
ticle energy and momentum approach resonance
with charge or spin density wave fluctuations to
which the electrons are strongly coupled. For
example, a prominent neutron spin resonance is
observed in Bi2Sr2CaCu2O8+d along the (1,1)
momentum vector (29). Resonance between this
mode and a quasiparticle pair would occur at a
Fermi surface angle of about 12°, leading to the
prediction of a peak in ∂g0/∂F at this Fermi sur-
face angle. We believe that demonstrating that re-
combination can be mapped using time-resolved
ARPES, and observing its strong momentum de-
pendence, will further stimulate development of
pulsed sources that are capable of reaching all the
relevant regions of momentum space.
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Fig. 4. Initial rate of increase ∂g0/∂F as extracted
from straight line fits to the data in Fig. 3D for
fluence F < 12 mJ/cm2. The horizontal axis cor-
responds to the Fermi surface angle.
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