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Ultrafast Electron Relaxation in Superconducting Bi,Sr,CaCu,0g. 5
by Time-Resolved Photoelectron Spectroscopy
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Time-resolved photoelectron spectroscopy is employed to study the dynamics of photoexcited electrons
in optimally doped Bi,Sr,CaCu,0Og. s (Bi-2212). Hot electrons thermalize in less than 50 fs and dissipate
their energy on two distinct time scales (110 fs and 2 ps). These are attributed to the generation and
subsequent decay of nonequilibrium phonons, respectively. We conclude that 20% of the total lattice
modes dominate the coupling strength and estimate the second momentum of the Eliashberg coupling
function AQ3 = 360 + 30 meV>2. For the typical phonon energy of copper-oxygen bonds (£ =
40-70 meV), this results in an average electron-phonon coupling A < 0.25.
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Since their first discovery in 1986, the high temperature
superconductors (HTSCs) have always been the subject of
debates. After 20 years of investigation, the mechanism
leading to the Cooper pairs is still under discussion. The
small isotope effect of optimally doped samples [1], the
d-wave symmetry of the superconducting gap [2], and the
proximity of an antiferromagnetic phase shade doubts on a
phonon mediated pairing mechanism. For this reason, a
better knowledge of the electron-phonon (e-ph) interaction
would be essential to understand the origin of supercon-
ductivity. Despite it, the common experimental techniques
could provide only a rough estimate of the average strength
of e-ph coupling [3]. Most of the reported values refer to
specific lattice modes [4] or electronic states that have been
detected [5]. Furthermore, different interpretations of the
same data have often generated plausible but conflicting
scenarios. As an example, angle resolved photoelectron
spectroscopy (ARPES) measures the quasiparticle scatter-
ing due to coupled bosons [6] but does not allow for a clear
distinction between phonon and spin excitations [2]. These
controversies call for new and complementary methods
that could provide additional information on the electron-
phonon coupling.

The investigation of nonequilibrium states by femto-
second laser spectroscopy is a powerful technique to ob-
serve the e-ph scattering directly in the time domain.
Indeed, an ultrashort light pulse can selectively excite the
electrons of a metal without perturbing the underlying
lattice. After the spin and charge fluctuations of the photo-
excited electrons have thermalized, the rate of energy
transfer from hot electrons to the lattice is governed by
the electron-phonon interaction [7]. Some all-optical ex-
periments already followed this approach to extract the
coupling strength of HTSCs [8,9]. However, these attempts
face the inherent problem of connecting the transient di-
electric properties to the electron dynamics [10—12]. Time-
resolved ARPES circumvents the problem by directly
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PACS numbers: 74.25.Jb, 74.25.Kc, 74.62.Yb, 74.72.Hs

probing the electronic states and their occupation [13,14].
As sketched in Fig. 1(a), a pump pulse centered at 1.5 eV
excites the sample while a 6 eV probe generates photo-
electrons after a variable time delay 7. In the following,
this technique is employed to investigate optimally doped
Bi,Sr,CaCu,0g4. 5 (Bi-2212). The observed cooling time
of hot electrons indicates that the average interaction
strength between electrons and phonons is weak.
Moreover, the observation of an energy bottleneck sug-
gests that only a minor subset of the total phonon modes
contributes to the coupling. We attribute this finding to the
strong anisotropy of the e-ph interaction and to the pres-
ence of phonon branches with inferior coupling strength.
In our experiment, single crystals of optimally doped
Bi,Sr,CaCu,04, s (transition temperature of 91 K) are
cleaved in ultrahigh vacuum (5 X 10~!'! mbar). The sam-
ple is excited by 50 fs pulses at 1.5 eV photon energy with
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FIG. 1 (color online). (a) Sketch of the time-resolved ARPES
experiment. An infrared pulse excites the sample while a delayed
UV pulse generates the photoelectrons. (b) Photoelectrons in-
tensity map acquired along the nodal direction (lattice tempera-
ture 7; = 30 K). Vertical and horizontal bars display the energy
and angular resolution, respectively. (¢) Bonding and antibond-
ing Fermi surfaces of Bi2212 in the reciprocal space. The arrow
(red) marks the nodal vector k.
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30 kHz repetition rate and a fluence of ~100 uJ/cm?. No
multiphoton photoemission from the pump beam is ob-
served. The transient electron distribution is probed by
80 fs pulses at 6 eV, whereby the photoemitted electrons
are analyzed normal to the surface in a time of flight
spectrometer with energy resolution of 10 meV and accep-
tance angle of £3°.

The equilibrium state at lattice temperature 7, = 30 Kis
probed by blocking the pump beam and collecting the
photoelectron intensity at different emission angles.
Figure 1(b) shows the electronic band crossing the Fermi
level along the nodal direction while Fig. 1(c) depicts the
crossing wave vector kg in the first Brillouin zone of Bi-
2212. Here, the concepts of Fermi surface and quasiparticle
hold even in the superconducting phase [15] and for under-
doped samples [16]. According to high resolution mea-
surements, the interaction of the quasiparticles with boson
modes determines a kink in the electronic dispersion [6].
The map of Fig. 1(b) does not resolve such fine structures
because of the large acceptance angle of the analyzer and
the broad bandwidth of the probe pulses. On the other
hand, the photoelectrons emitted by the 80 fs probe pulse
reveal the electronic thermalization and energy relaxation
time.

Figure 2(a) compares ARPES spectra collected along
the nodal direction before and just after the absorption of
the pump pulse. Since the optical coherence of photoex-
cited Bi-2212 is lost after a few femtoseconds [17], we
assign the pump- induced signal to the transient population
of photoexcited states. The large spectral changes near the
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FIG. 2 (color online). (a) Time-resolved ARPES spectra ac-
quired 200 fs before (black dots) and 100 fs after [gray (red)
dots] the arrival of the pump pulse (7; = 30 K). (b) Time-
resolved ARPES spectra acquired at 7= 0 fs [gray (azure)
line] and at 7 = —200 fs (black line). Hypothetical spectrum
of an electronic system that has fully thermalized at 7, = 770 K
[dashed (violet) line]. (c) Logarithmic plot of the kg spectrum
collected at several pump-probe delays.

Fermi level thus originate from the nonequilibrium dis-
tribution f(w, 7). The logarithmic plot in Fig. 2(b) com-
pares the spectrum acquired at 7 = 0 with the one ex-
pected for thermalized electrons. We observe that the
deviations do not exceed 1% of the total counts and con-
clude that f(w, 7) converges to a Fermi-Dirac distribution
within the duration of the pump pulse. This fast thermal-
ization is due to the large electron-electron interaction
existing in HTSCs. Figure 2(c) displays spectra acquired
at different pump-probe delays. We extract the temporal
evolution of the electronic temperature 7, by fitting the
spectra with an exponential function covering the energy
range —300 meV < w < —50 meV. The assumption of a
thermalized population is verified by evaluating the elec-
tronic energy E from the w-weighted area of the hot
electron’s tail. Above the transition temperature, the elec-
tronic specific heat of optimally doped Bi-2212 is propor-
tional to T, [18]. Therefore, the electronic temperature that
describes the photoexcited spectrum of Fig. 2(b) should
scale as +/E. Fi gure 3(a) show that the deviations from the
scaling law T, « +/E are always below the experimental
uncertainties.

Figure 3(b) displays the temporal evolution of T,(7)
until 18 ps. Before excitation, i.e., negative delays, the
electrons and phonons are in equilibrium at 7, = T, =
30 K. During the absorption of the pump pulse, the elec-
tronic temperature increases by ATZ = 740 K. Con-
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FIG. 3 (color online). (a) The electronic temperature T,(7) is
compared to the square root of the excess energy ~/E(7). The
function +E is normalized to the maximum value. (b) Loga-
rithmic plot of the electronic temperature (7; = 30 K). Three
temporal windows indicate different cooling processes. The
maximum increase of electronic temperature is marked by
ATZ. Hot electrons and hot phonons converge to 7, + ATF at
7=37, =330 fs. When 7> 375 =6 ps, the electrons and
phonons reach local equilibrium. The solid line is the fitting
result of the coupled Eqgs. (1)—(3). (c) Sketch of the energy
transfer during the relaxation process. Hot electrons generate hot
phonons with characteristic time 7,, while hot phonons dissipate
their energy on a time scale 75 > 7.

197001-2



PRL 99, 197001 (2007)

PHYSICAL REVIEW LETTERS

week ending
9 NOVEMBER 2007

versely, the lattice temperature is still near the equilibrium
value. As shown by Figs. 3(a) and 3(b), the electronic
temperature displays a drop to 300 K in =100 fs, which
is followed by a decay lasting several picoseconds. The
slower relaxation has not been observed in usual metals but
has been reported in anisotropic materials as graphite [19].
Our interpretation of the observed dynamics is sketched in
the diagram of Fig. 3(c). We assume that charge and spin
fluctuations are thermalized and can be lumped in a unique
bath with specific heat C,. Ballistic transport of hot elec-
trons out of the surface [20] is neglected because of the
quasi-two-dimensional layered structure of Bi-2212. For
the phonons we consider two subsets: (i) a limited number
of modes, which interact more strongly with the electrons,
and (ii) a complementary subset of nearly noninteracting
modes. Electrons transfer energy to the phonons that are
more strongly coupled with a characteristic time 7, =
110 fs. Because of their small specific heat, this small
subset of the total phonons acquires an effective tempera-
ture T, >T,. Already after 7= 37, = 330 fs, the hot
electrons and hot phonons reach a common temperature
T,=T, =T + AT? =300 K, and the dynamics of hot
electrons and hot phonons become similar. The electronic
cooling can still proceed due to a residual scattering with
the cold lattice modes. Moreover, we expect that hot
phonons dissipate their energy by means of anharmonic
decay. The relaxation by anharmonic cooling and scatter-
ing with cold phonons takes place with time constant 75 =
2 ps. After 374, the sample surface is in local equilibrium
at T; = 60 K. Heat diffusion from the surface to the bulk
leads to the recovery of 7; =30 K within several
nanoseconds.

Figure 3(c) sketches the two stages of the energy relaxa-
tion. The existence of a cooling dynamics with two differ-
ent time scales 75 > 7, implies a sudden reduction of
energy flow, which is often referred to as bottleneck. In
previous work, the energy bottleneck has been ascribed to
the opening of a superconducting gap [21]. We do not
exclude that an instability of the Fermi surface may further
reduce the cooling rate. However, the bottleneck occurs
already at TP = 300 K, therefore well above the super-
conducting transition temperature. Moreover, it is well
established that hot phonons arise even in gapless com-
pounds [19]. The same instance holds also for optimally
doped Bi-2212. Figure 4 shows the evolution of electronic
temperature when the sample is originally in the super-
conducting phase (7; = 30 K) and in the metallic phase
(T, = 300 K). The energy bottleneck is clearly visible in
both cases.

Quantitative insight on the relative number and coupling
strength of the nonequilibrium phonons is obtained by
solving an extended version of the two temperature model.
The rate of energy transfer from electrons to phonons is
related to the Eliashberg coupling function «?F({))
through the integral [Q?a?F(n, — n,)d< [7]. The distri-
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FIG. 4 (color online). Temporal evolution of electronic tem-
perature for 7; = 30 K (black marks, left axis) and 7; = 300 K
(red marks, right axis). The solid and dashed lines are numerical
simulations of the hot electron and hot phonon temperature,
respectively.

butions n, and n,, are (¢**/%Tc — 1)~! and (e/%7» — 1)~1,
respectively. We approximate the phonons spectrum by an
Einstein model F(Q) = §() — ;). These modes are
coupled to the electrons through the dimensionless pa-
rameter A = 2 [ Q™ 'a?FdQ. The functions T,(7), T,(7),
and T,(7) satisfy the rate equations:
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The system is excited by a Gaussian pulse P with FWHM
of 50 fs and energy density of 12 J/cm?. The specific heat
of electrons, hot phonons, and rest of the lattice are C, =

yT,, C, = 3fﬂog’—;i, and C;, = 3(1 — f)Qgg%, respec-
tively. Here, the parameter f indicates the fraction of total
modes that are more strongly coupled. Electron-phonon
scattering with the (1 — f) lattice modes that are more
weakly coupled barely contributes to the temporal evolu-
tion of 7, and has been therefore neglected. The decay time
75 describes the anharmonic decay of hot phonons. In
agreement with the expected behavior, 75 is larger at
30 K than at 300 K. We extract the coupling strength and
relative size of the hot phonons subset by fitting the mea-
sured 7, with the numeric solution of Eq. (1). The resulting

TABLE I. Fitting parameters of the model described by
Egs. (1)—(3). The smallest and highest values of f and )\Q%
correspond to the choice )y =40 meV and Q, = 70 meV,
respectively.

T, f 203 (meV?) 75 (ps)
30 =10 0.13-0.25 300-380 2+0.1
300 £ 10 0.18-0.25 340-380 0.9 x=0.1
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parameters vary slightly for 40 meV = Q, = 70 meV.
Table I reports minimum and maximum values of f and
AQ3. The best estimate AQ} = 360 = 30 meV? supports a
weak electron-phonon coupling. Indeed, several electron
spectroscopy experiments indicate that copper-oxygen
modes with quantum energy of 40—70 meV dominate the
electron-phonon coupling [22,23]. If we assume that the
mean phonon energy () is larger than 40 meV, the average
electron-phonon coupling A does not exceed 0.25.

Obviously, the experimental determination of AQ3 of-
fers an important term of comparison to theoretical calcu-
lations. Indeed, AQF =2 [Qa?FdQ can be directly
evaluated from the Eliashberg coupling function [7]. We
are not aware of calculations of the electron-phonon cou-
pling in Bi-2212. However, our results are in excellent
agreement with density functional theory calculations of
the parent compound YBa,Cu; 05 [24]. The estimated zero
and second momenta of @’F are A = 0.27 and AQ} =
380 meV?, respectively. This coupling is rather small if
compared with the A = 0.61 and AQ} = 2.8 eV? [25] that
has been calculated for MgB,.

The second point of interest regards the nature of the
energy bottleneck. The value f = 0.2 implies that 80% of
the phonon modes have very weak interaction with the
electrons. Two reasons can explain this finding: (i) only a
few branches are significantly coupled, and (ii) the inter-
action is highly anisotropic. Nowadays, there is a gen-
eral agreement on both issues. ARPES experiments on
Bi,S1,Cag 9, Y 0sCu,Og+ 5 show that quasiparticle scatter-
ing strongly depends on the electronic wave vector [22].
Moreover, inelastic neutron scattering measurements of
Lag_sSrsCuO, report a wave vector dependent soften-
ing of the breathing and half-breathing mode [26] with
increasing doping level. In agreement with these experi-
mental results, also first principles calculations predict an
electron-phonon coupling that strongly depends on the
branch and wave vector of the mode [24,27]. Finally, the
electron-phonon coupling of Bi-2212 may also be spatially
inhomogeneous. Recent scanning tunneling spectroscopy
(STS) experiments reveal a strong modulation of the elec-
tronic density at the nanometer scale [28]. The short range
order of the electrons’ density could modulate the local
strength of the electron-phonon interaction [23], favoring a
selective coupling of some modes with respect to others.

In conclusion, we investigated the energy relaxation of
excited electrons in Bi2212. The electronic temperature
displays a fast initial drop within =200 fs, which is fol-
lowed by a slower decay lasting several picoseconds. This
finding implies that 20% of the phonons is driven out of
equilibrium, whereas the major part of lattice modes are
almost uncoupled to the electrons. Furthermore, time-

resolved ARPES provides a quantitative evaluation of the
electron-phonon interaction [7]. We extract the second
momentum of the Eliashberg coupling function from the
dynamics of the hot electrons. The best value AQ3 =
360 meV?, together with the mean phonon frequency de-
rived by ARPES [22] and STS [23], suggests that the
average electron-phonon coupling of optimally doped
Bi,Sr,CaCu,0q. 4 is weak. This finding argues against a
pairing mechanism that is purely mediated by phonons. On
the other hand, it does not exclude that some strongly
coupled lattice modes cooperate with other interactions
to stabilize the superconducting phase.
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