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Abstract. We report the transient optical pump-probe reflectivity measurements on single and double
layer cuprate single crystals and thin films of ten different stoichiometries. We find that with sufficiently
low fluence the relaxation time (τR) of all samples exhibits a power law divergence with temperature (T ) :
τR ∝ T−3±0.5. Further, the divergence has an onset temperature above the superconducting transition
temperature for all superconducting samples. Possible causes of this divergence are discussed.

PACS. 74.78.Bz High-Tc films – 74.72.-h Cuprate superconductors (high-Tc and insulating parent
compounds) – 74.25.Gz Optical properties

1 Introduction

To place our experimental results in context, we provide a
synopsis of what is known about the behavior of photoex-
cited carriers in simple metals [1–7], BCS superconduc-
tors [8–11] and cuprates [12–18]. The photoelectrons ther-
malize with other electrons, this process is characterized
by a thermalization time (τTH). It was originally though
that this process would be very fast (< 10 fs) [19] in met-
als since the Coulomb interaction occurs as the speed of
light and, from two-photon photoemission measurements,
the lifetime of electron excited ≥ 1 eV above the chemi-
cal potential is < 10 fs [19,20]. The initial distribution of
electrons is not a Fermi-Dirac distribution, and changes
quickly [21], but as the absorbed energy is redistributed
among electrons a Fermi-Dirac distribution develops [21].
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It was a surprise when the measured τTH for simple met-
als (Cu, Ag, Au) was 0.5 ps –2 ps [5,6,21]. This long τTH

was attributed primarily to phase space limitations due to
Fermi-Dirac statistics. The measured thermalization time
in metals is almost temperature independent, but reports
in the literature were not conducted at sufficiently low
actual temperatures to observe any T 2 behavior charac-
teristic of a Fermi liquid metal [1–7,22]. In superconduc-
tors, the thermalization time increases across the super-
conducting phase transition, a result generally attributed
to phase space limitations due to a gap in the carrier ex-
citation spectrum.

Relaxation of excited carriers, characterized by a
relaxation time (τR) was first considered in the two-
temperature model [23]. For an uncorrelated (simple)
metal, the predictions were (i) τR ∝ T for temperatures
down to T ∼ θDEBYE/5, where θDEBYE is the Debye tem-
perature, and (ii) τR ∝ T−3 for T � θDEBYE/5 [7,22].
However, experiments on simple metals [1–7], while con-
firming prediction (i), establish that the divergence at low
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Table 1. Experimental procedures.

Sample La2−xSrxCuO4 La-doped Bi2Sr2CuO6+z Bi2Sr2CaCu2O8+δ

Type Thin film (100 nm) Single crystal Single crystal

Underdoped X = 0.06, 0.08, 0.10 TC = 85 K

Near optimally doped X = 0.15 TC = 92 K

Overdoped X = 0.25 TC = 18 K, 25 K

Non-superconducting X = 0.30

temperatures is not observed. References [1–7] argue that
the divergence is not observed because of phase space lim-
itations on possible scattering events at low temperatures.

Both theory [8,24,25] and experiment [9–11,13,15] in
BCS and cuprate superconductors report that τR and
quasiparticle lifetime increase across the superconduct-
ing phase transition, results attributed to the same phase
space limitations caused by a gap in the carrier excitation
spectrum.

In BCS superconductors, the carrier relaxation time
diverges as the superconducting phase transition is ap-
proached from the superconducting state [11,26–29]. The
experimental data shows a change of ∼5x between T =
0.98TC and 0.995TC. At low temperatures, the relaxation
time is, in the limit of zero fluence, expected to change
as τR ∝ exp(∆/kBT ), where (∆) is the superconduct-
ing gap and kB is the Boltzmann constant [11,29]. In the
cuprates, there have been reports arguing for a divergence
in the relaxation time across TC , although the data show
a change of only ∼2x and the measurements were per-
formed at considerably higher fluence than the lowest flu-
encies we report [30]. There were early hints that the re-
laxation time increased at low temperatures [16,18]. More
recently, experimentalists have reduced the minimum flu-
ence at which such experiments can be performed. Segre
et al. [17] and Schneider et al. [31] have reported a sur-
prising result: τR ∝ T−N(N ∼ 3) at low temperatures.
Reference [17] argues that the divergence is caused by the
superconducting phase transition. Reference [31] provides
no single explanation for the observation, which was lim-
ited to single-layer cuprate samples.

Very recently, Demsar and colleagues [22] have per-
formed similar pump probe measurements on heavy
fermion metals YbXCu4 and their non-magnetic, non-
heavy fermion counterparts LuXCu4 (X= Ag, Cd, In).
Reference [22] reports an increase of more than two or-
ders of magnitude in τR below the Kondo temperature
for the heavy fermion compounds, but no increase for the
LuXCu4 materials.

In this report, we concentrate on the relaxation time
behavior of both single and double layer cuprates, in-
cluding La2−xSrxCuO4, Bi2Sr2CuO6+z (La-doped) and
Bi2Sr2CaCu2O8+δ. As we establish below, we obtain three
experimental results: (i) at sufficiently low fluence, both
single and double layer cuprates exhibit a power law di-
vergence in the relaxation time: τR ∝ T−3±0.5. The diver-
gence is observed in both superconducting and metallic,
non-superconducting samples. (ii) The onset temperature

of the divergence is in the normal state for all samples,
leading us to argue that the divergence is a normal-state
property. (iii) As we increase the fluence, we find that the
relaxation time is more affected by the superconducting
phase transition.

2 Experimental procedures

We reproduced the results on multiple samples of the
same stoichiometry, and for multiple times on different
parts of the same sample (Tab. 1). Sample preparation for
La2−xSrxCuO4 thin films and La-doped Bi2Sr2CuO6+z

has been described elsewhere [32–34]. Single crystals
of Bi2Sr2CaCu2O8+δ were synthesized ‘at-stoichiometry’
from a modified floating-zone process at a growth rate
of ∼0.1 mm/h in a vertical infra-red image furnace,
cleaved from an as-grown crystal and individually post-
annealed to different levels of oxygen content (dop-
ing) [35]. We confirmed the results in four different lab-
oratories: Vanderbilt, Rochester, William and Mary and
Los Alamos, using different femtosecond Ti:sapphire laser
systems [36–39]. Pump pulse energy and energy densi-
ties as low as 3 × 10−12 joule and 5 × 10−8 joule/cm2

were used. The photodetectors (home-built) and phase
sensitive detection scheme, have also been described else-
where [39]. The noise voltage level (including electronics
and scattered light) allowed us to detect voltages as small
as 3×10−7 volts. The pulse width varied between 30 fs [38]
and 260 fs [36].

To estimate the actual sample temperature, we con-
sidered the heating that a continuous wave laser with an
equivalent power would produce. Some of the energy ab-
sorbed from the pump pulse does not completely leave
the illuminated region in 12 ns, the time between pulses.
This results in a temperature increase (∆Theating) deter-
mined by the temperature of the lattice before illumina-
tion and the fluence used. We obtained spectra at several
pump power levels. We also used the value of the sample
superconducting transition temperature TC , measured by
susceptibility, as a benchmark temperature and confirmed
our estimate of sample heating. With these checks, we
were able to obtain temperature estimates to an accuracy
of ±2 K (the heating effects in all the data presented here
have already been accounted for).

Figure 1 shows a portion of a data set taken on La
doped Bi2Sr2CuO6+z at 12 K. Note that only about 5% of
the total reflectivity change occurs while the pump pulse
illuminates the sample, so virtually all the reflectivity
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Fig. 1. A: Expanded view of transient reflectivity versus time
delay, for La-doped Bi2Sr2CuO6+z single crystal sample at
12 K (closed circles). The thin line is a temporally accurate
representation of the pump-probe cross correlation and repre-
sents the time that the laser pulse is incident on the sample.
B: Raw data (closed circles) taken on La1.7Sr0.30CuO4 at 60 K,
thin line is our fit to the data.

change occurs after all photoelectrons are absorbed. The
long rise time compared with the pump probe cross corre-
lation allows us to accurately fit the electron thermaliza-
tion time, the process of electron-electron scattering which
leads to the creation of many more electron-hole pairs than
are initially created by photoexcitation. Sun et al. [21]
and Fann et al. [5] considered the situation where elec-
tron thermalization and relaxation via phonon emission
take place at the same time. This leads to transient reflec-
tivity response modeled by:

∆R ∝ A(T )
{
H(t)[1 − exp(−t/τTH)][exp(−t/τR)]

}
. (1)

Where A(T ) is an amplitude of the transient, H(T ) is the
Heaviside function that accounts for the experimental res-
olution, τTH is the electron thermalization time constant
and τR is the relaxation time constant.

3 Experimental results

We analyzed how τR depends on temperature for three
different materials. In Figure 2 we show a log-log plot
of τR versus T which displays a power law divergence:
τR = CT−N for all of the samples. Within our experi-
mental error, N = 3.0 ± 0.5 is the same for all samples,
from the lowest temperature to well above TC for the su-
perconducting samples. The data do not lie on top of each
other, indicating differences in the coefficient C. In earlier

Fig. 2. Plot of ln τR versus lnT for all ten samples.

reports [30] τR is peaked at TC and almost constant be-
low TC . Our data is not in contradiction to these earlier
measurements but rather the experimental conditions are
different. In particular the fluence of our current measure-
ments is more then an order of magnitude lower. We found
that the lower fluence was needed to observe a divergent
relaxation time. The onset temperatures for all samples
are well into normal state. return to base line even after
120 ps. Figure 3B is a plot of log of relaxation time τR

versus the log of temperature T . The straight line is there
to guide the eye and represents a power law of ∼2.6. Fig-
ure 3C shows the same data on a semilog plot comparing
τR to (1/T ). The data in Figure 3C clearly do not fall
on a straight line indicating that the change in relaxation
time as a function of temperature is not exponential as
follows from Rothwarf-Taylor equations in the low excita-
tion limit when bi-particle recombination governs the SC
state recovery [8].

Figure 3A shows the transient reflectivity data taken
on a near optimally doped (TC = 92 K) Bi2Sr2CaCu2O8+δ

single crystal. The raw data is shown without smooth-
ing. However, some of the data are the average of up to
10 scans. The relaxation time decreases from 80 ps at 17 K
to 0.8 ps at 87 K. The data are offset from one another for
ease of reading. Note that the data taken with a lattice
temperature of 17 K do not.

Figure 4 shows raw data taken on a superconduct-
ing, La-doped Bi2Sr2CuO6+z single crystal sample (TC=
25 K). The relaxation time decreases from 88 ps at 12 K
to 0.8 ps at 43 K. Figure 4B shows a plot of log τR versus
log T . The straight line is there to guide the eye and rep-
resents a power law ∼3.5. Figure 4C shows a semilog plot
of the same data. Note that log-log plot (power law di-
vergence) yields a better fit than the semilog (exponential
divergence) plot.

Figure 5A shows some of the raw data taken on a
non-superconducting La1.70Sr0.30CuO4 thin film sample.
The relaxation time decreases from 85 ps at 7 K to 2 ps
at 32 K. The inset of Figure 5A shows a log-log plot of
the ab-plane conductivity σab versus temperature. The in-
set of Figure 5A shows data with the residual resistiv-
ity (49 µΩcm subtracted). There is no indication of per-
colative superconducting paths down to T = 7 K. The
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Fig. 3. A: Transient reflectivity versus time delay for Bi2Sr2CaCu2O8+δ single crystal sample with TC= 92 K. Lowest tempera-
ture starting at the top with temperatures to the right of each data set. B: Log-log plot of relaxation time versus temperature for
Bi2Sr2CaCu2O8+δ single crystal sample with TC= 92 K. C: Semi-log plot of relaxation time versus (1/T ) for Bi2Sr2CaCu2O8+δ

single crystal sample with TC= 92 K.

Fig. 4. A: Transient reflectivity for La-doped Bi2Sr2CuO6+z

with TC = 25 K. Temperatures starting with the top data set
and going down are: 12 K, 15 K, 18 K, 22 K, 25 K, 29 K,
36 K, 43 K. B: Log-log plot of relaxation time versus temper-
ature for La-doped Bi2Sr2CuO6+z with TC = 25 K. C: Semi-
log plot of relaxation time versus temperature for La-doped
Bi2Sr2CuO6+z with TC = 25 K.

resistivity changes only slightly, from about 53 µΩcm to
64 µΩ cm, over the temperature range in which the relax-
ation time changes by a factor of 40, indicating that dis-
order does not play a major role on the relaxation time.
It is worth noting that we have confirmed this result with
multiple La1.70Sr0.30CuO4 thin film samples.

Figure 5B is a log-log plot of τR versus T . The straight
line is the power law N = 2.5 and is there to guide

Fig. 5. A: Transient reflectivity versus time delay, for over-
doped, metallic, non-superconducting La1.70Sr0.30CuO4 thin
film sample taken at temperatures noted. Inset: log-log plot
of d.c. conductivity versus temperature; the residual resistiv-
ity of 49 µΩcm was subtracted from the measured resistivity.
Temperatures starting at the top data set and working down
are; 7 K, 13 K, 17 K, 21 K, 24 K, 32 K. B: Log-log plot of
relaxation time versus temperature for non-superconducting
La1.70Sr0.30CuO4.

the eye. Note that the data above ∼80 K on this sam-
ple do not follow the straight line indicating an onset of
∼80 K. Figure 5C is a semilog plot again indicating the
non-exponential behavior of the relaxation time.
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Fig. 6. A: Relaxation time versus temperature for
La1.92Sr0.08CuO4 low fluence (closed squares) and high flu-
ence (open squares) data are shown. B: Raw data files of
La1.92Sr0.08CuO4 for the low fluence (open square) and the
high fluence (solid line) both at their lowest temperatures.

Figure 6A shows a comparison of the relaxation time
versus temperature for an La1.92Sr0.08CuO4 sample with
data taken at perturbative fluence (5 µJ/cm2) and at low
fluence (50 nJ/cm2). At a perturbative fluence, the effect
of the superconducting phase transition at 24 K (solid
vertical line) shows up clearly, as emphasized in the inset.
Figure 6B shows the raw data taken at the lowest tem-
peratures accessible for the two fluencies. There is a clear
difference in the relaxation time between the lowest flu-
ence (133 ps at 10 K) and perturbative fluence (19 ps at
10 K). Both data sets show the same relaxation times at
high temperatures, well into the normal state. However,
note that at low temperatures, the relaxation time be-
comes very long when the fluence is reduced. For such low
fluencies, the change across TC is a small effect compared
to the seeming divergence at low temperatures.

To understand the physics of this relaxation time di-
vergence, it is important to compare the onset temper-
ature of the divergence to the value of TC . Figure 6 es-
tablishes that at high temperatures, the relaxation time
is independent of fluence. For samples such as shown in
Figure 6, we obtained the onset temperature directly from
the data. However, there are samples for which we could

Fig. 7. Onset temperature versus superconducting transition
temperature. The straight line is TONSET = TC .

not get a signal (using the lowest fluence) up to high
temperatures. For such samples, we measured the relax-
ation time at high temperatures using a perturbative flu-
ence, measured the divergence at low temperatures using
the lowest fluencies, and extrapolated the relaxation time
from low to high temperatures. We define the temperature
at which the relaxation time power law divergence inter-
sects the high temperature values as the onset tempera-
ture (TONSET). Figure 7 shows (TONSET) versus TC . The
straight line is the TONSET = TC line. The error bars re-
flect the uncertainty in the extrapolation and in the exact
power law of the divergence. Figure 7 establishes several
significant points: i) TONSET > TC for all samples; ii) the
difference between TONSET and TC becomes less as TC in-
creases. The difference ranges from 80 K (TC = 0 K) to
28 K (TC = 92 K); iii) including the error bars, TONSET

and TC are indistinguishable for the BSCCO-2212 opti-
mally doped sample (TC = 92 K).

4 Discussion

We considered several explanations of the measured relax-
ation time divergence.

4.1 Heavy fermion analog;
4.2 The opening of the superconducting gap;
4.3 Traditional two temperature model;
4.4 Changes in electron-phonon scattering processes with

fluence;
4.5 Spatially inhomogeneous samples.

4.1 Heavy fermion analog

As noted in the introduction, heavy fermion systems
exhibiting a Kondo temperature also exhibit a marked
increase in τR at low temperatures, while the non-
magnetic analogous materials exhibit no such increase.
Reference [22] provides both data and analysis that the in-
crease in τR arises from the increase in the electronic heat
capacity below the Kondo temperature and the strongly
suppressed electron-phonon scattering. For cuprate sam-
ples, however, the electronic heat capacity versus tempera-
ture is known [40] and does not display a marked increase
below the TONSET (Fig. 5). So this basis for expecting
τR to increase at low temperatures does not exist for the
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cuprates. What the heavy fermion report [22] does demon-
strate is that the relaxation time divergence is observed
in correlated electron materials other than the cuprates.

4.2 Opening of the superconducting gap

We considered the possibility that the relaxation time
divergences arises due to the presence of the supercon-
ducting gap. As we have mentioned, there is an increase
in quasiparticle relaxation reported in different cuprates
across TC [41,42]. The maximum lifetime reported at low
temperatures for YBa2Cu3Ox, ∼140 ps [41], is compara-
ble to the maximum lifetime we have measured (180 ps;
Fig. 4). Further, Quinlan et al. [42] predict a τR ∝ T−3

behavior, due to scattering off spin fluctuations, at T ≤
0.25TC, consistent with our data. However, we have seen
a power law divergence in non-superconducting samples,
at temperatures well above TC (Fig 7) as well as in both
highly underdoped and highly overdoped samples. These
results are difficult to reconcile with scattering off spin
fluctuations or with the superconducting phase transition
as the main effect causing the observed divergence. As
Figures 3C, 4C and 5C establish, the relaxation time di-
vergence is not accounted for by a uniform BCS gap.

4.3 Traditional two temperature model

The two temperature model [7,23] predicts τR ∝ T−3,
at low temperatures in simple metals. However, we also
considered that no study of simple metals in the litera-
ture reported such a divergence. To investigate the issue
experimentally, we measured the relaxation time using a
∼7 nm thick gold (Au) film and the same fluence used for
cuprate samples. Our work confirms earlier work reported
in reference [7] taken at higher fluence. Figure 8 shows a
series of spectra taken at sample temperatures between
10 K –280 K. We used probe pulses with a width of 30 fs,
so the relaxation time in the raw data is accurate.

Unlike the cuprate data, there is no indication of a
divergence in the relaxation time down to temperatures
∼10 K. The experimental comparison suggests that the
two temperature model, which was developed for uncor-
related metals, is not applicable even at the low fluencies
we used. Earlier studies of simple metals [5,6] argued that
the relaxation time vs. temperature was affected by the in-
complete thermalization of the photoelectrons. However,
this argument does not work for cuprates at low tempera-
tures, where the thermalization time (< 50 fs for metallic
samples, 1–5 ps for superconducting samples) are much
less than the relaxation times (as long as 180 ps). It is
also quite difficult to explain, within the context of the
two temperature model, why we measure the same relax-
ation dynamics for samples in the superconducting state
and for metallic, non-superconducting samples. Finally, it
is difficult to reconcile the two temperature model to the
behavior of the relaxation time with fluence (Fig. 6) since
for perturbative fluence the relaxation time depends only
on the electron-phonon coupling constant, which does not
depend on photon fluence.

 

Fig. 8. Series of reflectivity spectra taken on 7 nm thick gold
film at temperatures (from bottom to top) of 4, 20, 30, 50, 60,
80, 100, 120, 140, 160, 180, 200, 220, 240, 260, and 280 K. The
4–50 K data were taken at 5 times lower fluence.

4.4 Changes in electron-phonon scattering processes
with fluence

In work beginning in the late 1960’s, scientists studied
electrical resistivity measurements of very pure metal-
lic samples [43,44]. These early studies relied on low-
energy methods such as the radio-frequency size effect
(RFSE). They developed a model for electron-phonon
scattering that included both emission and absorption
of phonons [43,44]. In the Debye approximation, this
model predicted an electron relaxation time proportional
to T−3 [45]. Studies of the relaxation time in metals
at low temperature (≤ 10 K) date to pioneering work
by Haberland and Shiffman [43] and Gantmakher and
Leonov [44], who reported finding an electron scattering
time ∝ T−2 to T−3. This is remarkably similar to our
results. Later Chambers outlined the theory for the radio-
frequency size effect [46] and concluded that a T−3 depen-
dence was expected because Gantmakher’s measurements
involved all scattering angles. Chambers contrasted this
T−3 behavior with electrical resistivity, which is domi-
nated by large angle scattering due to the (1 − cos θ)
weighting factor, which leads to a different temperature
dependence. We have compared the transport relaxation
time (Fig. 5A inset) with our data and do find that they
exhibit different temperature dependences.

The question at issue is whether these earlier reports
relate to the energy relaxation that we measure. The pho-
ton energy used is very low (≤ 4 × 10−3 meV) compared
to the change in the Fermi-Dirac distribution due to the
light absorbed in our experiment (≤ 1 meV). This strongly
suggests that the RFSE measurements is more a measure
of momentum relaxation than of energy relaxation.

Another argument against this explanation is based on
estimating the fraction of carriers in the thermalized elec-
tron group that relaxes through dissipation. We compare
the fraction at the lowest fluence and temperatures used
(where a divergence is observed) to higher but still per-
turbative fluence (where no fluence is observed). Assuming
that 10–30% of the light is absorbed, the density of elec-
tronic states is ∼1 electron/eV, and that the increase in
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electron temperature is ∼3 K, the fraction of carriers in
the 300 meV wide conduction band in the thermally ex-
cited electron subsystem ranges from 8×10−5 (divergence
observed) to 1.6 × 10−2 (no divergence measured).

We conclude, tentatively, that the scattering processes
are similar over this fluence range, and that there should
be no significant change in scattering with fluence. A re-
alistic theoretical calculation is needed to definitively rule
out this possibility.

4.5 Spatially inhomogeneous samples

We also considered the possibility that the samples are
intrinsically inhomogeneous. This is by itself plausible,
given the recent reports by scanning tunneling microscopy
(STM) [47] and other methods [47,48]. There are no cal-
culations on this possibility, so we can provide only qual-
itative arguments.

STM data indicate that at least some cuprate sam-
ples have two types of regions that exhibit a difference
in the joint density of electronic states. One exhibits a
superconducting state gap at low temperatures and the
other (termed the β-region in the literature) displays STS
spectra similar to the normal-state vortex region when a
magnetic field above Hc1 is applied [49]. Carriers excited
in the two regions should then exhibit considerably differ-
ent relaxation times, faster in the metallic regions. This is
qualitatively consistent with the data of Figure 6, showing
two different relaxation time responses. It should be noted
that the metallic regions in which we expect a faster re-
sponse are also the regions where a superconducting gap
is seen to have opened. In the β regions we do not ex-
pect to see the opening of a gap. We therefore speculate
that these regions may exhibit the long relaxation time.
However, it requires detailed and careful calculations to
establish whether the dominant response at the lowest
fluence should occur in the β-regions. If this premise is
confirmed by detailed calculations, the idea would be qual-
itatively consistent with the argument that as the fluence
increases, the additional signal will come predominantly
from the superconducting regions, so at somewhat higher
fluence there will be a marked change in the relaxation
time across the superconducting phase transition while at
the lowest fluence the signal is only slightly affected by
the phase transition.

It is also important to consider this idea and whether
it can be consistent with a power law temperature di-
vergence. If the β-regions are semiconducting (unlikely
but still not established), the divergence should exhibit
an exponential temperature dependence, in contrast to
the data. If the β-regions are a simple metal, then the
results on metallic, overdoped, non-superconducting sam-
ples (Fig. 5) become inexplicable. The STM results indi-
cate that the β-regions exhibit a non-zero density of states
at the chemical potential, so determining relaxation be-
havior in such regions requires detailed calculations not
currently available. If the reflectivity signal comes pre-
dominantly from the β-regions at lowest fluencies, this
would account for the insensitivity of such data to the

superconducting phase transition. At higher fluence, the
predominant signal arises from the regions that exhibit
a superconducting gap, and this is when we clearly see
the effect of the superconducting phase transition. These
data also indicate that even the overdoped, metallic, non-
superconducting samples exhibit this relaxation time di-
vergence, and thus are spatially inhomogeneous. This idea
also accounts for how widespread the divergence is in the
cuprates. Including other reports [16–18,31], there are in-
dications or definitive measurements of a relaxation time
divergence in YBCO, BSCCO-2201, BSCCO-2212, LSCO,
Tl-2201 and Hg-1223.

Work performed at Rochester was supported by the U.S. NSF
grant DMR-0073366. Y.X. acknowledges support from the
Frank Horton Graduate Fellowship Program in Laser Ener-
getics. I.B. was supported in part by AFOSR contract F49620-
01-1-0103. We benefited from conversations with R. Joynt (U.
Wisconsin) and N. Kumar (Raman Res. Inst. India). The work
performed at The College of William and Mary was supported
by the NSF. This work was partially supported by the US De-
partment of Energy under the LDRD program at Los Alamos
National Laboratory.

References

1. R. Rosei, C.H. Culp, J.H. Weaver, Phys. Rev. B 10, 484
(1974)

2. G.L. Eesley, Phys. Rev. Lett. 51, 2140 (1983)
3. H.E. Elsayed-Ali, T.B. Norris, M.A. Pessot, G.A. Mourou,

Phys. Rev. Lett. 58, 1212 (1987)
4. R.W. Schoenlein, W.Z. Lin, J.G. Fujimoto, G.L. Eesley,

Phys. Rev. Lett. 58, 1680 (1987)
5. W.S. Fann, R. Storz, H.W.K. Tom, J. Bokor, Phys. Rev.

B 46, 13592 (1992)
6. C.K. Sun, F. Vallee, L. Acioli, E.P. Ippen, J.G. Fujimoto,

Phys. Rev. B 48, 12365 (1993)
7. R.H.M. Groeneveld, R. Sprik, A. Lagendijk, Phys. Rev. B

51, 11433 (1995)
8. A. Rothwarf, B.N. Taylor, Phys. Rev. Lett. 19, 27 (1967)
9. C.S. Owen, D.J. Scalapino, Phys. Rev. Lett. 28, 1559

(1972)
10. W.H. Parker, W.D. Williams, Phys. Rev. Lett. 29, 924

(1972)
11. I. Schuller, K.E. Gray, Phys. Rev. Lett. 36, 429 (1976)
12. S.D. Brorson, A.S. Kazeroonian, J.S. Moodera, D.W. Face,

T.K. Cheng, E.P. Ippen, M.S. Dresselhaus, G. Dresselhaus,
Phys. Rev. Lett. 64, 2172 (1990)

13. S.G. Han, Z.V. Vardeny, K.S. Wong, O.G. Symko, G.
Koren, Phys. Rev. Lett. 65, 2708 (1990)

14. A.S. Kazeroonian, T.K. Cheng, S.D. Brorson, Q. Li,
E.P. Ippen, X.D. Wu, T. Venkatesan, S. Etemad, M.S.
Dresselhaus, G. Dresselhaus, Solid State Comm. 78, 95
(1991)

15. C.J. Stevens, D.C. Smith, C. Chen, J.F. Ryan, B.
Podobnik, D. Mihailovic, G.A. Wagner, J.E. Evetts, Phys.
Rev. Lett. 78, 2212 (1997)

16. D.C. Smith, P. Gay, C.J. Stevens, D.Z. Wang, J.H. Wang,
Z.F. Ren, J.F. Ryan, J. Low Temp. Phys. 117, 1059 (1999)

17. G.P. Segre, N. Gedik, J. Orenstein, D.A. Bonn, R. Liang,
W.N. Hardy, Phys. Rev. Lett. 88, 137001 (2002)



334 The European Physical Journal B

18. J. Demsar, R. Hudej, J. Karpinski, V.V. Kabanov, D.
Mihailovic, Phys. Rev. B 63, 054519 (2001)

19. P.B. Allen, Phys. Rev. Lett. 59, 1460 (1987)
20. W. Nessler, S. Ogawa, H. Nagano, H. Petek, J. Shimoyama,

Y. Nakayama, K. Kishio, Phys. Rev. Lett. 81, 4480 (1998)
21. C.K. Sun, F. Vallee, L.H. Acioli, E.P. Ippen, J.G. Fujimoto,

Phys. Rev. B 50, 15337 (1994)
22. J. Demsar, R.D. Averitt, K.H. Ahn, M.J. Graf, S.A.

Trugman, V.V. Kabanov, J.L. Sarrao, A.J. Taylor, to be
published, Phys. Rev. Lett. cond-mat/0305597 (2003)

23. M.I. Kaganov, I.M. Lifshitz, L.V. Tanatarov, Sov. Phys.
JETP 4, 173 (1957)

24. M. Tinkham, J. Clarke, Phys. Rev. Lett. 28, 1366 (1972)
25. V.V. Kabanov, J. Demsar, D. Mihailovic, Phys. Rev. B 61,

1477 (2000)
26. G. Lucas, M.J. Stephen, Phys. Rev. 154, 349 (1967)
27. J.W.F. Woo, E. Abrahams, Phys. Rev. 169, 407 (1968)
28. A. Schmid, Phys. Kondens. Materie 8 (1968)
29. A. Schmid, G. Schoen, J. Low Temp. Phys. 20, 207 (1975)
30. J. Demsar, B. Podobnik, V.V. Kabanov, T. Wolf, D.

Mihailovic, Phys. Rev. Lett. 82, 4918 (1999)
31. M.L. Schneider, J. Demsar, Y. Glinka, A. Klimov, A.

Krapf, S. Rast, Y.H. Ren, W. Si, Y. Xu, X.H. Zeng,
I. Bozovic, G. Lupke, R. Manzke, R. Sobolewski, A.T.
Taylor, N.H. Tolk, X.X. Xi, R. Joynt, M. Onellion,
Europhys. Lett. 60, 460 (2002)

32. X.H. Zeng, W. Si, Z.M. Stum, X.X. Xi, IEEE Trans. Appl.
Supercon. 11, 3213 (2001)

33. I. Bozovic, IEEE Trans. Appl. Supercon. 11, 2686 (2001)
34. C. Janowitz, R. Mueller, M. Schneider, A. Krapf, H.

Hoechst, C. Ast, R. Manzke, Physica C 364, 600 (2001)
35. N. Miyakawa, P. Guptasarma, J.F. Zasadzinski, D.G.

Hinks, K.E. Gray, Phys. Rev. Lett. 80, 157 (1998)
36. W. Wang, G. Luepke, M.D. Ventra, S.T. Pantelides,

J.M. Gilligan, N.H. Tolk, I.C. Kizilyalli, P.K. Roy, G.
Margaritondo, G. Lucovsky, Phys. Rev. Lett. 81, 4224
(1998)

37. M. Lindgren, M. Currie, C. Williams, T.Y. Hsiang, P.M.
Fauchet, S.H. Moffat, R.A. Hughes, J.S. Preston, F.A.
Hegmann, Appl. Phys. Lett. 74, 853 (1999)

38. J. Demsar, L.A. Tracy, R.D. Averitt, S.A. Trugman, J.L.
Sarrao, A.J. Taylor, OSA Trends in Optics and Photonics
72, 438 (2002)

39. S. Rast, M.L. Schneider, M. Onellion, X.H. Zeng, S.
Weidong, X.X. Xi, M. Abrecht, D. Ariosa, D. Pavuna,
Y.H. Ren, G. Lupke, I. Perakis, Phys. Rev. B 64, 214505/1
(2001)

40. B.D. Dunlap, M.V. Nevitt, M. Slaski, T.E. Klippert, Z.
Sungaila, A.G. McKale, D.W. Capone, R.B. Poeppel, B.K.
Flandermeyer, Phys. Rev. B 35, 7210 (1987)

41. D.A. Bonn, R. Liang, T.M. Riseman, D.J. Baar, D.C.
Morgan, K. Zhang, P. Dosanjh, T.L. Duty, A. MacFarlane,
G.D. Morris, J.H. Brewer, W.N. Hardy, C. Kallin, A.J.
Berlinsky, Phys. Rev. B 47, 11314 (1993)

42. S.M. Quinlan, D.J. Scalapino, N. Bulut, Phys. Rev. B 49,
1470 (1994)

43. P.H. Haberland, C.A. Shiffman, Phys. Rev. Lett. 19, 1337
(1967)

44. V.F. Gantmakher, Y.S. Leonov, JETP lett. 8, 162 (1968)
45. J.E. Bradfield, J.B. Coon, Phys. Rev. B 7, 5072 (1973)
46. R.G. Chambers, Phys. Kondens. Materie 9, 171 (1969)
47. J.E. Hoffman, K. McElroy, D.H. Lee, K.M. Lang, H.

Eisaki, S. Uchida, J.C. Davis, Science 297, 1148 (2002)
48. J. Haase, C.P. Slichter, R. Stern, C.T. Milling, D.G. Hinks,

Physica C 341-348, 1727 (2000)
49. J.C. Davis, private communication, who pointed out the

similarity between the β-region [K.M. Lang, V. Madhavan,
J.E. Hoffman, E.W. Hudson, H. Eisaki, S. Uchida, J.C.
Davis, Nature 415, 412 (2002), Fig. 3] and the normal
state vortex region [S.H. Pan, E.W. Hudson, A.K. Gupta,
K.-W. Ng, H. Eisaki, S. Uchida, J.C. Davis, Phys. Rev.
Lett. 87, 1536 (2000), Fig. 2 (vortex region)]


