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We report the results of femtosecond optical transient absorption experiments performed on 
the superconducting compounds YBa2Cu307x(X - 0) and Bi2Sr2Ca2Cu301O+b(8 - 0) 
and nonsuperconducting YBa2Cu306 1- yCy < 0.4) for sample temperatures ranging from 
~ 7 K to room temperature. Nonequilibrium heating was found to occur on a subpicosecond 
time scale. A distinct, dramatic increase in the relaxation time was observed for the 
superconducting samples as the sample temperature was lowered below the critical 
temperatures of the respective films. Accompanying the increase in relaxation time was an 
increase in the peak fractional transmissivity change. No such changes were observed 
for the nonsuperconducting YBCO sample. We believe the above described behavior is 
electronic in origin and intimately related to the superconductivity of the compounds. 

The ability to generate and time resolve nonequilib
rium electron distributions using short laser pulses (laser 
pulse durations less than or comparable to electron
phonon energy relaxation time) has produced important 
information regarding the thermal properties of the carri
ers and phonons in metals.! 3 Short duration laser pulses 
(-6 ps) have also been used to study the electron-phonon 
relaxation rate in single-crystal, nonsuperconducting lan
thanum cuprate.4 Recently, femtosecond pump-probe mea
surements of the room-temperature optical properties of 
several high Tc superconducting and nonsuperconducting 
compounds were reported.s In this letter, we present 
evidence of nonequilibrium carrier heating on a sub
picosecond time scale in thin-film samples of the super
conducting compounds YBa2Cu307 _ x(x~O) and 
BizSr2Ca2Cu30lOt Ii «(j ~ 0) and nonsuperconducting 
YBa2Cu306+y (y<O.4). In particular, we focus on the 
relaxation time of the hot carrier distribution as a function 
of sample temperature both above and below the critical 
temperature. 

The optical properties of superconducting cuprates are 
generally quite complicated and not well understood. This 
was particularly true for early studies, which were per
formed at a time when techniques for producing good sam
ples were not widely available. Recently, thorough studies 
of the optical properties in the visible wavelength range 
(the range we are most concerned about for this study) 
have become available. In particular, the broad absorption 
feature centered near 2.5 eV common to the copper-oxide 
perovskite materials is believed to be due to an interband 
transition. 6

•
7 If the optically probed states are near the 

Fermi level a thermomodulation process can occur. 
A number of effects can contribute to the transient 

response in thermomodulation experiments, including ef
fects due to lattice expansion, Fermi level shifting, smear
ing of the electron occupancy near the Fermi level, and 
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electron-phonon interaction. 1
.
3 With the presence of an in

terband electronic transition promoting electrons to states 
lying near the Fermi level (such as the d-band to p-band 
transition that occurs in noble metals), it has been estab
lished that the dominant contribution to the transient re
sponse is Fermi smearing resulting from electron 
heating. 1,3 

Our experimental setup is similar to transient thermo
modulation pump-probe experiments reported in Ref. 2. In 
our case the short pulse light source was a colliding-pulse 
mode-locked dye laser that produced pulses of ~ 100 fs 
duration at a 100 MHz repetition rate and a wavelength of 
630 nm (1.98 eV). The pump beam provided ultrafast 
heating which in turn produced a change in the refractive 
index. This was directly measmed with a second beam 
(polarized perpendicularly to the pump beam) by reflect
ing the probe beam off the surface of the film, or as in our 
case, by passing it directly through the semitransparent 
film in a transient absorption mode. The resultant change 
in transmissivity was sensed by a photodiode and recorded 
versus the pump-probe delay time. The pump beam inten
sity was kept less than 6 m W while the probe intensity was 
less than 1.5 mW. The resulting relatively low t'iuences of 
-10 ILJ/cm2 minimized the bulk heating of the film (esti
mated to be less than 10 K)8 while still maintaining a good 
signal-to-noise ratio. 

The c-axis oriented Bi2Sr2Ca2Cu301O film used for our 
study was produced using a metal organic decomposition 
(MOD) technique on a MgO substrate. 9 The film con
tained crystallites ranging in size from 10 to 50 fLm. With 
the high spatial resolution afforded by the laser we were 
able to single out an individual crystallite. ac susceptibility 
measurements indicated an onset to diamagneti.sm at 108 
K and a broad transition commonly associated with weak 
intergrain coupling as well as intergrowths of the 
Tc = 85 K phase present in the Bi-Sr-Ca-Cu-O system. 

Shown in Fig. 1 is the normalized transmissivity 
change versus pump-probe delay time obtained for the 
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FIG. 1. Transmissivity change normalized to unity is plotted relative to 
the pump-probe delay time for the Bi2Sr)Ca2CujOIU film at a few sample 
temperatures. The 0 ps delay time was chosen to coincide with the max
imum transmissivity change of the 202 K trace. 

Bi2Sr2Ca2Cu301O film at several sample temperatures. The 
essential features of the data which provide evidence for a 
nonequilibrium carrier effect include a rapid transient near 
o ps which follows the cross correlation of the pump and 
probe pulses and a consequent relaxation which occurs on 
a subpicosecond time scale. In measured d-band metals 
this type of signature can be interpreted as an initial heat
ing of the conduction electrons which thermalize rapidly 
via electron-electron scattering. This hot-electron distribu
tion then rapidly thermalizes with the lattice by energy 
transfer through electron-phonon scattering. For later de
lay times heat diffusion out of the illuminated volume of 
the film will occur. Because of the extremely poor thermal 
conductivity of the high Tc cuprates, this diffusion process 
would be extremely slow (> 1 ns). The most interesting 
features of the data include the dependence of the relax
ation time on sample temperature. A distinct, dramatic 
increase in the relaxation time occurs for sample tempera
tures below the critical temperature of the film. Another 
interesting feature for sample temperatures below Tc is a 
delay in the rising edge near 0 ps. This behavior is not 
understood at this point. 

The dependence of the relaxation time with sample 
temperature for the BSCCO film is displayed graphically in 
Fig. 2 (a). The relaxation time was found by a least-squares 
fit to the declining part of the data using a decaying expo
nential plus a constant term. The exponential term models 
the relaxation of the hot carriers while the constant term 
simply models the excess heat which escapes by the much 
slower process of heat diffusion. As can be seen from the 
figure, the relaxation time actually increases slightly with 
increasing temperature as T(' is approached before drop
ping. An abrupt change in relaxation time over such a 
small sample temperature range would not be expected in 
a conventional metal since the electron-phonon coupling is 
only very weakly temperature dependent. 

Figure 2 (b) plots the peak fractional transmissivity 
change, (!l. TIT) max' as a function of sample temperature. 
While the peak fractional transmissivity change drops as 
Tc is crossed, the change is not as dramatic as the relax
ation time. In measured d-band metals, for photon energies 
close to the d-band-to-Fermi-level transition, the ampli
tude of the transmissivity change is directly related to the 
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FIG. 2. (a) The relaxation time as a function of sample temperature is 
shmvn for the 5uperconducting BSCCO (el, superconducting YBCO 
(+), and nonsuperconducting YHCO (l1li) samples. (b) The peak frac
tional transmissivity change is plotted as a function of sample temperature 
for the tilms in (a). The peak fractional transmissivity change is negative 
for the BSCCO and §uperconctllcting YBCO samples, but positive for the 
nonsupcrconducting YBCO sample. In both figures the lines through the 
data points arc meant onzl' as a guide [01' the eye. 

smearing of the electron di.stribution. The amount of 
smearing will change with sample temperature. However 
an abrupt change over a relatively small sample tempera
ture range is not expected. 1 Also shown in Figs. 2 (a) and 
2(b} are data obtained from a superconducting 
YBa2Cu,07 _ J< (x - 0) sample and a nonsuperconduct
ing YBu2Cu306t y (y < 0.4) sample. Both YBCO samples 
came from the same thin-film deposited on a MgO sub
strate produced using a standard laser ablation technique. 
The epitaxial thin-film (~O.2 11m thickness) was c-axis 
oriented. An ac susceptibility measurement revealed an on
set to diamagnetism at 87 K. The oxygen content of the 
second sample was reduced rendering it nonsuperconduct
iug by heating it at 420°C in flowing argon for ~ 1 h. 
Although the time domain data are not shown, similar 
behavior was observed with respect to the shapes and sam
ple temperature in the superconducting YBCO sample, 
with the exception that the temperature dependence was 
shifted accordingly by the critical temperature. 

Figure 3 plots the normalized transmissivity change 
for the nonsuperconducting YBCO sample at a few sample 
temperatures. The temporal response is quite different 
from the superconducting counterpart. This is not surpris
ing since the nonsuperconducting phase is different struc
turally and electronically from the superconducting phase. 
The most distinguishing feature is the oscillation present in 
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FIG. 3. Normalized transmissivity change for the nonsupcrconducting 
YBCO sample is showl! at a few sample temperatures. The zero delay 
time was chosen to coincide with the maximum transmissivity change of 
the 296 K trace. 

the tail of the relaxation whose amplitude dampens with 
increasing time as well as with increasing sample temper
ature. The origin of these oscillations are not understood at 
this time. Interference effects seem unlikely since the round 
trip time of the light in the film (-4 fs) is much less than 
the laser pulse duration. We believe they may be an obser
vation of coherent phonon oscillations. 10 These oscillations 
are not observed in the superconducting compounds pos
sibly because of increased scattering of the phonons with 
the much larger carrier concentrations. Another possibility 
is due to the structural difference; the associated mode may 
be present only in the nonsuperconducting compound. 
More studies are needed to confirm this. The other distin
guishing feature that can be seen from Fig. 3 is the slight, 
only gradual temperature dependence in the relaxation. 
This is quantified in Fig. 2(a), where the relaxation time is 
observed to increase slightly as the sample temperature 
increases. This trend continues to room temperature where 
the relaxation time of the nonsuperconducting sample is 
longer than its superconducting counterpart. 

From Fig. 2(b) it can be seen that the peak fractional 
transmissivity change is positive for the nonsuperconduct
ing sample; this is opposite to the change measured for the 
superconducting samples. A reversal in the polarity of the 
transmissivity change in measured d-band metals is consis
tent with probing states in the vicinity of the Fermi level. 
However, the transmissivity change alone cannot deter
mine the relative probing position with respect to the 
Fermi level. The important quantity for this determination 
is the change in the imaginary part of the dielectric func
tion, .1£2' which can be determined from simultaneous 
measurements of the fractional transmissivity and reflec
tivity changes. II This measurement was performed at room 
temperature. A positive .1£2 consistent with probing unoc
cupied states below the Fermi level was found for the su
perconducting YBCO sample while a negative 6.£2 was 
found for the nonsuperconducting YBCO sample. Due to 
the polycrystaHine nature of the BSCCO film, obtaining 
accurate values of the optical parameters needed for deter
mination of 1':.£2 was difficult; most likely 1':.€2 is positive. By 
removing the oxygen in the supcrconducting YBCO sam
ple the number of carriers is reduced, which can depress 
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the Fermi level. If the Fermi level is reduced sufficiently so 
that occupied states lying above the Fermi level are being 
probed, a polarity reversal will ensue. Although the Fermi 
smface for these materials is not well known, a sign rever
sal is consistent with probing states lying near the Fermi 
level, lending further support to the interpretation of the 
measured transients being a direct result of a nonequilib
rium carrier distribution. 

Because no structural phase transition is believed to 
accompany the entry into the superconducting domain in 
these high Tc compounds and due to the extremely fast 
time scales involved, we believe the observed behavior is 
electronic in nature and intimately related to the supercon
ductivity. If we are indeed probing states lying close to the 
Fermi level it is weB known for RCS superconductors that 
as the material is cooled below its critical temperature the 
density of states exhibits an increase just below the Fermi 
level and a decrease at the Fermi level. This behavior cor
responds to the opening of the energy gap in the supercon
ductor. Evidence exists for this type of behavior occurring 
in the high Tc superconductors through recent photoemis
sion studies. 12 This change in the density of states dose to 
the Fermi level should then alter the Fermi smearing. 13 

More studies are needed to confirm this, in particular stud
ies to define the optical transition and correlate the mea
sured transient change with the density of states at the 
Fermi level. It is possible to extend our studies to a broader 
wavelength range to actually map out, as a function of 
wavelength, the Fermi smearing as was done in Ref. 3 and 
to perform this both above and below Tc- This and related 
studies are currently under way. 
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