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Fermi-level dependence of femtosecond response in nonequilibrium high-T, superconductors
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We have investigated the temperature dependence of the femtosecond optical reflectivity response,
AR, in the superconducting series Pr Y& Ba2Cu307 z as a function of Pr concentration, x. The sign of
bR changes with the onset of superconductivity for all samples; in the superconducting state, the sign of
LR changes as a function of x. Systematic analysis of these results demonstrates that the observed ul-
trafast optical response does not follow a simple two-fluid model, suggesting that the details of the elec-
tronic band structure significantly influence the magnitude and sign of the optical response.

Interest in the ultrafast optical response of high-T, su-
perconductors was initially motivated by the desire to ob-
tain a measure of the electron-phonon coupling constant,
A, ,

' using the rate of relaxation of hot electrons in the nor-
mal state. More recently, considerable excitement has
been generated by experiments which have investigated
the ultrafast optical response near and below the super-
conducting transition temperature in these systems.
In particular, it has been found that the differential
refiectance (b,R) in YBazCu307 s (YBCO) reverses sign
at the transition temperature T, from a positive hR
(+hR) in the normal state to a negative b,R (

—b,R) in
the superconducting state. ' The observed correlation of
the sign change of AR, measured at -2 eV, with the on-
set of superconductivity has been interpreted as a direct
measure of the dynamics of quasiparticles and/or the or-
der parameter in high-T, materials. Moreover, the tem-
perature independence of the sign of AR in nonsupercon-
ducting isomorphs, such as PrBa2Cu307 &, has been used
to confirm this assignment.

The rapid, transient, +hR in the normal state has been
interpreted as monitoring the change in the electronic
Fermi-Dirac distribution caused by the absorption of the
pump pulse which heats the carriers and induces a shift
of the occupied electronic state from below to above E~.
The sign of this signal depends on the position of the Fer-
mi level with respect to the probe photon energy. For ex-
ample, in a thick film, the probe would detect a
—hR (+DR) for energies above (below) Ez. On the
other hand, in the superconducting state of YBCO, the
opposite, —hR signal has been interpreted in terms of a
partia1 restoration of oscillator strength from the conden-
sate into the superconducting energy gap. Within this
picture, the complex conductivity of the condensate,
given by cr(co)=5(co) is restored to the o(co) of Drude
carriers with a finite scattering rate of r„, which has
nonvanishing strength at optical frequencies. The relaxa-
tion time of the signal in the superconducting state has
been assigned to the ultrafast recombination of photogen-
erated quasiparticles in the context of a simple, two-fluid
mode1. 4

Nevertheless, several key issues remain unresolved, in-
cluding the exact origin of the optical response (be it

quasiparticles and/or order parameter dynamics), the
role of heating during femtosecond excitation, and the
influence of sample quality upon the ferntosecond optical
response. In this paper, we present a systematic study of
the femtosecond response in the isostructural series of ep-
itaxial films based on Pr„Y, ,Ba2Cu307
(Pr„Y, ,BCO) in an attempt to answer these questions.
As demonstrated in Hall effect, resistivity and therrno-
power, ' and x-ray photoemission spectroscopy" mea-
surements on Pr Y& BCO, the incorporation of Pr into
YBCO is consistent with a band-filling model in which
free carriers are localized and/or removed from the Cu-0
planes, resulting in both a change of the position of the
Fermi level and a reduced T, . Although alternative ex-
planations based on magnetic-impurity pair breaking
have been put forth, ' room-temperature femtosecond
reflectivity measurements, which our measurements gen-
eralize and extend into the superconducting state, sup-
port the band-filling model. In particular, they have
shown that increasing the Pr content moves EF upward,
enabling a fixed wavelength, 2-eV probe pulse to access
optical transitions slightly below (x=0.0), very near
(x=0. 1), or slightly above (x =0.25) the Fermi level.
Thus, in these films we have been able to study the effect
of changing both the Fermi level and T, on the tempera-
ture dependence of the femtosecond response without
resorting to high-intensity excitation and continuum
probing, thus avoiding the deleterious effects of large
transient temperature increases. Our quantitative
analysis of these results questions the validity of the
simplified picture of the ferntosecond dynamics of the op-
tical response solely in terms of the quasiparticle lifetime
within the context of the two-fluid model.

The samples used in our studies are epitaxial, single-
crystal films of various thicknesses (from 1400 to—5000 A) grown by the pulsed-laser ablation technique'
on LaA103 and MgO. Most films have a transition width
6T, (0.5 K, with the worst having a 5T, of 2 K, as
measured by an ac susceptibility technique, and an ion
channeling yield of -3%, which is comparable to that of
single crystals, evidencing the high quality of the films.
Their transition temperature varies with the Pr fraction,
x, in Pr Y, BCO; typically T, =91,81, and 62 K for
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x=0, 0.10, and 0.25, respectively. The samples have
been cooled using a .canis flow-through cold-finger cryo-
stat, and their transition temperature has been monitored
in situ by measuring their resistance. We note that ear-
lier femtosecond optical studies were conducted on sam-

ples with AT, ~ 2 K. As discussed in more detail below,
we have found that the femtosecond response depends
sensitively on the transition width.

Our measurements use a colliding pulse mode-locked
laser system operating at 620 nm which produces a 125-
MHz train of 60 fsec, 20-pJ pulses. The beam is focused
at near normal incidence to a spot size of about 30 pm in
diameter on the surface of the superconducting films.
The pump and probe are orthogonally polarized to
reduce scattering of pump into the detector, and the
pump is chopped for phase sensitive detection with detec-
tion capability approaching 10 . Pump fluences are
maintained at 3 pJ/cm or less, and the ratio of pump to
probe pulse energy is 10:1. The fluence dependence of
the signal was checked by attenuating the pump beam
and runs were performed in different regions of the sam-
ple to check uniformity. In all cases, we found no
difference in the temporal response of the signals. In or-
der to assess the magnitude of laser-induced heating in
our samples, the pump-induced rise in the temperature of
the films has been quantified using the bolometeric
response near T, of a pattered YBCO bridge of width less
than the beam spot. A maximum rise of -6 K in film
temperature associated with KHz rate chopping of the
pulse train was measured for our focusing conditions, and
we estimate a 0.02-K transient rise caused by individual
pulses based on the measured thermal properties of
YBCO, ' comparable to estimates in other degenerate
pump-probe experiments. ' '

In Fig. 1, we compare the temperature dependence of
the reflectivity response from two optically thick (5000 A)
superconducting ftlms; a YBCO film with T, =90 K and a
Pro 25Yo 75 BCO film with T, =62 K. The absolute values
of the differential reflectivity at the lowest temperatures
are typically on the order of 7X10, consistent with
other studies. ' Qualitatively, both films have similar dy-
namics; a pulsewidth limited feature at ht =0, followed
by a fast, resolvable turnon of the superconducting
response and subsequent relaxation back to equilibrium.
The striking feature, however, is the behavior of the
Pro z&YO 7&BCO film, in which the sign of hR is reversed to
that of the YBCO ftlm As we discus. s below, the polarity
reversal of AR is inconsistent with a simple two-fluid
model, which predicts that the sign of the transient
response of the reflectance due to conversion of supercon-
ducting to normal carriers is independent of Pr doping.
The other significant feature of our data is that for all
doping fractions x, the polarity of hR changes sign in the
vicinity of T, . The sign flip of bR at T, has been ob-

served for YBCO, as documented in previous works. ' ' '

We note that these optical signatures are typical of all
samples studied. Above T„a fast reflectivity transient of
opposite sign is observed. This response continues as the
temperature is increased. At room temperature, we ob-
serve difterential reflectivities consistent both in sign,
magnitude, and temporal dependence with earlier stud-
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FIG. 1. The temperature dependence (displayed as reduced
temperature T/T, ) of the transient reflectivity response of 5000
A YBCO sample I (T, =90 K) and 5000 A Pr02, YO 75BCO
(T, =62 K). The curves are normalized and onset for clarity.

1,8

In Fig. 2 we show the variation in the femtosecond re-
laxation time in the superconducting state, ~„below T,
and in the normal state, ~„, above T, as a function of re-
duced temperature T/T, for the films in Fig. 1, as well
as two other YBCO films, sample II (1400 A, T, =92 K,
6 T, =0.25 K) and sample III (1560 A, T, = 89 K,
b, T, =2.0 K), as well as a Pro

& Yo 9BCO (1400 A, T, =81
K, b, T, =0.5 K) film. These points were obtained by
fitting the observed reflectivity changes phenomenologi-
cally to an impulse response function given by
G(t)= A [1—exp( t/r —)] exp(

tlat,

) ——B exp(

tlat„—

)

convolved with the measured pulse autocorrelation func-
tion. Here rg, „are the generation (g) and relaxation
times of the reflectivity signal in the superconducting (s)
and normal state (n), respectively. A typical example of
these fits is shown in the inset in Fig. 2. For all cases ex-
cept sample II, the fit errors were less than 3%. The time
constants obtained from the data for sample II overes-
timated the actual response times by as much as 10%, as
the data could not be cleanly fit by a simple exponential
decay. In all cases, we find a tendency for v., to the
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FIG. 2. The relaxation times ~, (below T, ) and ~„(above T, )

plotted as a function of reduced temperature T/T, for the films

of Fig. 1, YBCO sample I, T, =90 K (8), and Pro»Y075BCO,
T, =62 K (L,), as well as YBCO sample II, T, =92 K (0),
YBCO sample III, T, =89 K (o), and Pro & Yo 9BCO, T, =81 K
(0). The solid lines are guides to the eye. Inset: Typical exam-

ple of the fits used to obtain ~, and ~„.

E, (co) = E,+, s2(co) =s2+

where c., =3.4 and c.2=2.2 are the the high-frequency
dielectric background at 2 eV, ' Af is the number frac-
tion of photogenerated quasiparticles, co is the plasma
frequency, and 1/~ is the scattering rate of Drude car-
riers. For the samples used in our measurements, the
plasma frequency co ( —8000 cm ') and scattering rate
1/r( —100 cm ') have been measured near the transition

"diverge" near T„an observation that has been ex-

plained previously in terms of the decrease of the super-
conducting order parameter.

Identifying the origin of the femtosecond response at
optical frequencies is imperative to understanding the un-

derlying physics. What makes this task difficult, howev-

er, is the fact that the redistribution of the free carrier os-
cillator strength associated with the onset of supercon-
ductivity occurs in the energy range well below the opti-
cal frequencies, even though a 2-eV probe directly
accesses optical transitions near EF, where a gap is ex-

pected to open. Although a strong correlation of the re-
laxation time with the onset of superconductivity is clear
in our systematic study of the Pr„Y& BCO series, our
data present three new lines of evidence which demon-
strate that the simple two-fluid model is inadequate to ex-

plain the observed responses and that v; should not be as-

signed as a direct measurement of quasiparticle lifetimes
in these measurements.

First, we consider the magnitude of AR/R measured
in our experiments. Within the simple two-fluid model,
the dielectric response at optical frequencies due to the
creation of quasiparticles can be written as

temperature using infrared spectroscopy. ' For our exci-
tation fluences, we find that b,f=0.01 and that the shift
of oscillator from the o(co=0) condensate into a Drude
absorption of free carriers results in Ac.2

—10
Ac, -10 . These are the same as the estimates of Han
et al. whose experiment used comparable fluence. While
estimating hR /R is in general complicated for thin films,
in the thick-film limit where significant absorption
suppresses multiple reflections (d ) 3000 A), the
differential reflectivity is given by bR/R =4Re[(bn
+ihk)/(a+1)] which yields a change in reflectivity of
b,R /R =4 X 10, over one order of magnitude less than
the experimentally measured b,R /R =7 X 10 observed
in our data.

Second, we consider the sign of hR /R in the supercon-
ducting state in our measurements. Experimentally, we
observe a positive hR /R in the superconducting state for
Pro pg Yo 75BCO and a negative AR /R for YBCO. How-
ever, the above calculation results in the sign of hR/R
being fixed and positive, contrary to experimental obser-
vations. Moreover, we have examined the effect of Pr in-
corporation on the sign and magnitude of b,R/R in the
two-fluid model by treating c, , and c2 as adjustable param-
eters in the above calculation to account for changes in
the dielectric response as the Pr-doping fraction in-
creases. We also examined the effect of varying the probe
frequency co. In the range 3.2&v, &3.5, 2.0&v., &2.4,
and 1.8 & h co & 2.2 eV (these limits overestimate the
change in dielectric response based on linear reflectivity
measurements of these materials), we find that b,R/R
maintains a positive sign and magnitudes of —10
Thus, simple redistribution of oscillator strength in a
two-fluid model is insufficient to explain both the magni-
tude and the change in sign of bR/R of Pr, Y, „BCO as
a function of x in the superconducting state. We do not
rule out the possibility that laser generation and subse-
quent recombination of quasiparticles is linked to the
femtosecond response. However, the large values of the
experimentally measured hR /R suggest that a redistri-
bution of oscillator strength at optical frequencies, not
simply the total number of quasiparticles and Cooper
pairs associated with a two-Quid model dynamics associ-
ated with a simple two-fluid model, is the origin of the
observed response. A more detailed picture considering
the intrinsic structure of the energy bands accessed by
the 2-eV laser probe and the energy distribution functions
of electron and hole quasiparticles and Cooper pairs is
necessary to fully explain the results of these measure-
ments below T, .

Finally, we examine the dependence of the relaxation
time ~, with Pr doping fraction displayed in Fig. 2. Note
that there is a wide variation in the magnitude of v;
within YBCO samples at temperatures below T/T, =0.7,
where ~, is relatively insensitive to temperature. In addi-
tion, the abruptness of the divergence near T, differs
from sample to sample. Although this may be partially
attributable to average heating (-6 K temperature rise),
it is also influenced by intrinsic sample characteristics,
since the measured responses are fluence independent in
the range 0.75 —3.0 pJ/cm . Most significantly, the su-
perconducting component of sample III had completely
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disappeared well below T„at TJT, =0.91. Nevertheless,
the difference in T, 1&etween the best sample (II) and the
worst sample (III) +as only 3 K, and the width of the
transition AT, for sa.mple III was only 2 K. Therefore,
the assignment of any physical meaning to measured re-
laxation times is at best qualitative in these experiments
unless care is taken to accurately characterize sample
quality.

For the series Pr„Y& „BCO (x =0,0. 1,0.25) with com-
parable AT, 's and thus of comparable quality, we find
that r, decreases with decreasing T, (or, equivalently, in-

creasing Pr content) for temperatures near T, . However,
for a BCS superconductor near T„where the number of
photogenerated quasiparticles 5N„„ is a small fraction of
the thermal quasiparticle background, Kaplan et al. have
calculated the temperature dependence of quasiparticle
lifetimes, ' and predicts that, for a fixed T/T„quasipar-
ticle lifetimes should increase with decreasing T, . This
scaling is not significantly altered after taking into ac-
count the lifetime enhancement due to the phonon trap-
ping factor, ' r, tt==r +r (1+r /re), where r, s. is
the measured lifetime, rr is the phonon lifetime (with
contributions from phonon scattering and diffusion), r
is the intrinsic quasiparticle lifetime, and ~z is the time it

takes to break Cooper pairs. We cite two possibilities for
such behavior. First, as noted above, the effects of band
structure are neglected in this model. For different dop-
ing concentrations, a 2-eV laser pulse is probing different
positions in the energy bands. Thus, it monitors not only
the generation and recombination of quasiparticles, but
also the position and relaxation of quasiparticles at local-
ized energy states within the bands. Second, the BCS
theory may not adequately describe superconductivity in
these materials, and, in particular, nonequilibrium super-
conductivity.

Note added in proof Tsu.ei et al. have recently investi-
gated the specific-heat discontinuity at T, in

YBa2Cu30~ & to show that the energy dependence of the
density of states is dominated by a sharp peak (two-
dimensional van Hove singularity) lying near the Fermi
level for small 5.' The presence of such a peak in the
density of states would sensitively influence the transient
optical response for wavelengths which access states near
the Fermi level.
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