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We report the results of a detailed experimental and theoretical study of the ultrafast relaxation processes in
superconducting ¥Cgo and RRCqq films. Room temperature pump-probe spectra were obtained for different
pump and probe wavelengths. Low-temperature measurements through the phase transition terfigerature
were performed to monitor the quasiparticle dynamics in the superconducting state. For comparison we per-
formed measurements on YR2u;O; under similar conditions. An intuitive model is presented to explain the
temperature and wavelength dependence of our experimental results for both the superconducting and normal
phases.

[. INTRODUCTION pulses, since such measurements give important information

The discovery of superconductivity in the fdd;Cgqy  on the dynamics of Cooper pair breaking and recombination.
phase has inspired considerable experimental and theoreticalvariety of results have been reported in the literature rang-
research on these materiafé. Two pump-probe studies on ing from nanosecond excitation in alumintifito femtosec-
alkali-metal-doped g, films have already been reported. Dy- ond studies on YB#u;O; (YBCO) and other high-
namic transmission spectra ofgand its rubidium intercal- temperature superconductdis®! Terahertz generation in
ant RRCg, (Where x was reported to be near dbtained  thin superconducting film& current-biased superconducting
under high laser excitation density were published by Brorantennas? and current-biased bridgésave also been used
sonet al® An exact doping level ok=3, however, is im- to study the optically induced quasiparticle dynamics.
portant to ensure that the samples are metallic, as determin€hanges in the amplitude and dephasing of optically excited
by temperature-dependent conductivity measurements thabherent phonons in the normal and superconducting phases
show metallic behavior only for a narrow rangeohear 3  of YBCO were investigated by Albreclet al?
and hopping conductivity otherwie A low-excitation- In this paper we report on optical pump-probe experi-
density femtosecond pump-probe study of the two importanments in well characterized films of ;€5 and RRCgq
intercalation compounds 4Cqy and RRCgo was reported by  which have been shown to have superconducting transition
Fleischer et al”® Both studie$”® were based on the temperatures of 18 K and 28 K, respectivélyA systematic
colliding-pulse mode-locked dye laser and therefore wersstudy was made of the variation of the ultrafast dynamics
limited to a fixed wavelength of about 625 nm or 2 eV pho-with wavelength, polarization, power, fluence, and tempera-
ton energy, and both studies report only room-temperaturture. The modeling we have employed in explaining the re-
measurements. Furthermore, the first stuaas performed sults forM3Cq is discussed in Sec. V.
on underdoped nonmetallic samples that do not show the It has been found experimentally that these alkali-metal-
superconducting phase transition. Thus far no systematidoped fullerites 3Cgy) behave in many ways like BCS
wavelength-dependent or temperature-dependent pumpguperconductor® Since K;Cqo and RBCqy, have rather high
probe study of the superconductimd;Ceq compounds has transition temperatures, they offer the unique possibility of
been reported. performing femtosecond optical pump-probe experiments

On the other hand, a good deal of work has been done otirough the transition temperature. Similar studies have been
the transient response of high-and metallic superconduct- reported on highF, superconductors:—=%" put since the
ors to impulsive optical excitation with subpicosecond lightmechanism of the transition in such materials is not well
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understood, it is of some interest to compare those studiegb,Cg,, respectively, in good agreement with literature
with our alkali-metal-doped £ results. We briefly discuss values®
such a comparison in Sec. IV B. A more detailed comparison To prepare the samples for low-temperature measure-
will be reported elsewher¥. ments, the ampoules were broken and the samples were
transferred into an ultrahigh vacuum continuous-flow cold-
finger cryostat. To ensure sample integrity, this transfer was
undertaken in an argon glove box with 0.1 ppm to 1 ppm

The doped films of KCgy and RRCy used for our pump- oxygen concentration, which was continuously monitored
probe measurements were optically thick, homogeneousiuring the sample transfer with an oxygen trace analg@dr
polycrystalline films deposited on quartz, glass, and sapphirppm sensitivity. The UHV cryostat was then sealed off and
substrates, with a typical film thickness of 5000 A . Theypumped down. To reduce the initial outgassing and to obtain
are the same films used in our room-temperature observaticm fast “pump-down,” the cryostat was kept at a0 Torr
of coherent phonons in these materials. vacuum level prior to the sample transfer, and the vacuum

Crystalline G films were grown using sublimation in a was broken only inside the glovebox. We obtained a vacuum
gradient furnace. An evacuated quartz tube was placed intoaf 2x 107 Torr after 15 minutes of pumping, and the pres-
furnace having two temperature zones, a hett00°C) cen-  sure dropped to I Torr after 4 hours. To maintain the
tral zone for the sublimation of & and a cooler vacuum, an ion pump was added as an integral part of the
(~200°C) end zone for the placement of the substrate ontoryostat and an ultimate pressure in the low 10T orr range
which G, vapor was condensed. Typical 5000-A-thick films was reached after 48 hours.
were grown in approximately 12 hours in a dynamic vacuum The optically thickM 3Cqq films, not the Pyrex substrates,
of 6x10°7 Torr. X-ray diffraction dat® suggest that the were pressed against indium fai®9.99% purg to ensure
structural coherence of these crystalling films approaches proper thermal anchoring, and the pump-probe measure-
that seen in a single crystal>G000 A). The long-range ments were done in reflection and through the back of the
order seen in these films can be contrasted with the shosubstrate. This was necessary because the low thermal con-
structural coherence length<(100 A) seen in  films  ductivity of glass would otherwise result in a locally heated
grown by vapor sublimation onto room-temperature sub-spot. With a Pyrex substrate, the temperature increase under-
strates and in bulk powder sampf¥s. neath the focused laser beam was estimated te-5@ K,

The crystalline G, films, together with an alkali-metdk ~ which would raise the local sample temperature abbye
or Rb) dispenser and a porous getter, were then placed in bere we have assumed an absorbed optical power of 1 mW
glass-enclosed assembly for alkali-metal doping and subsdocused to a 100um spot and a thermal conductivity of
quent measurements of transport and optical propertied.5x10 1 W/mK for glass at 20 K The indium foil
Platinum leads epoxied in a Van der Pauw configuration tdargely eliminates this heating. Furthermore, the indium foil
Ag pads on the grcoated substrate served the dual role ofalso protected the film from direct exposure to the UHV, thus
supporting the sample and providing a means to monitor itseducing possible outgassing and an associated reduction of
in situ resistivity. The alkali-metal dispenser and porous getthe doping level. To further minimize the chance of sample
ter were outgassey applying electric currentsn vacuum,  contamination, we performed our pump-probe measurements
after which the assembly was backfilled with He to a presimmediately after the sample transfer.
sure of 0.10 Torr and sealed off.

Doping was accomplished by placing the entire assembly
in an oven set for temperatures in the range 150—250 °C and Ill. ROOM-TEMPERATURE EXPERIMENTS
then alternately exposing the sample to a flux from the ,
alkali-metal source followed by an anneal for several hours A. Optics
at about 200 °C. The conductivity of the film was monitored The tuning ranges for Ti:sapphire las€rand optical
continuously with a four-point probe during the doping andparametric oscillatof$ (OPO’s are roughly limited to 25%
annealing steps. The sequence of doping and annealing stepistheir center wavelength. To study the frequency depen-
was repeated until no further increase in the conductivitydence of the room-temperature ultrafast dynamics in the
could be obtained. It is important not to overdope the sampl&;Cqq and RRCq, samples, we therefore performed pump-
past the resistance minimunx=€3 for M3Cqy, Where M probe studies at widely separated wavelengths utilizing dif-
=K, Rb).% Because of slovil atom diffusion and the neces- ferent, but synchronized, laser resonators and/or second har-
sity of avoiding an overshoot of the resistivity minimum, the monic generation. A series of pump-probe experiments with
length of time to reach the resistance minimum after a suca fixed wavelength pump beam of 775 riin6 eV) and three
cession of exposure-anneal cycles was typically one week dtifferent probe wavelengths of 650 n(@.9 eV), 1.3 um
more. (0.96 eV}, and 2 um (0.64 e\) was performed for both the

The doped samples were encapsulated in glass ampoulBh;Cq, and KsCgo Samples. The time resolution for all these
under helium atmosphere. To maintain a high-purity inertmeasurements was better than 200 fs, given a deconvolved
environment, an activated beryllium getter was sealed ofpulse width of less than 120 fs for both pump and probe. The
with the sample. Electrical feedthroughs allowed us to meapump for this series of experiments was obtained straight
sure low-temperature transport properties and to verify thérom a Ti:sapphire laser oscillator, while the probe was the
doping level without ever breaking the inert gas environ-second harmonic of the signal at 650 nm, the signal at
ment. The superconducting transition temperatures werg.3 pm, and the idler at 2um of a synchronously pumped
measured and were found to be 18 K and 28 K fg€jgand  OPO.

Il. SAMPLE PREPARATION
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! ' " ' " measurements to be carried out. Aside from the opposite

I sign, theAT/T and AR(t)/R data show the same time sig-
nature, and no dependence on the polarizat®or(p) was
AR/ R (650nm, 1.96V) _ o0 ] found?® . o

The experimentaAR(t)/R traces in Figs. 1 and 2 were

fitted to a response function described by the cross correla-
tion of pump and probg(t), and to a sum of three compo-
nents: aé function, an exponential decay with a decay time
7, and a step functios matched to the residual level:

AR/ R (1.3um, 0.96eV)

AR/ R arb. (scaled)

AR/ R (1.9um, 0.64eV)

Pump: 775nm AR(t)/R= f:dg g(t—&)[ad(£)+bexp — &) +cl.

. ; . . 1)
-2 0 2 4 6 8 10

Time Delay [ps] The functiong(t) peaks at=0, and dies off rapidly foft]|
>0, with a width of =200 fs. The temporal responses for

@ FIS% L Péjmpt' probe ttime-restolve? differential re{letc_:tancte;;t;-the two samples after the large initial chang@(0)/R show
ained for KCeo at room temperature for a pump excitation a only small changes with probe wavelength. A fixed,

nm (1.60 eV} and various probe wavelengths smaller than andwavelength—independent decay time ofwas thus used in
greater than that of the pump.

fitting the data. This time constant was chosen to be the same
as the 7’s obtained from the 20 fs Ti:sapphire ddfar
=0.7 ps for KCgq (Fig. 1) and7=1.0 ps for RRCq, (Fig.
Figure 1 shows the room-temperature time-resolved dif2). Only the relative contributions of the different compo-
ferential reflectancAR(t)/R obtained for KCg as a func-  nents @,b,c) were optimized for each trace individually.
tion of delay time between pump and probe for our threeThe resulting least squares fits are shown with the data. A
probe frequencies. Figure 2 shows the corresponding reyood fit is obtained in all cases except for some small devia-
sponse for RiCqp, plotted in the same way for comparison. tion in the 1.3 um probe arrangement for the rubidium-
An approximate average power of 5 mW was used for thejoped film(see Fig. 2
pump and probe for all wavelengths. Since the pump was The most striking feature in the wavelength-dependent
double chopped at 2 kHz and at about 7 MHz, the peakjata(see Figs. 1 and)ds the sign change of the pump-probe
power for the pump was roughly four times higher than thatresponse between 650 nm and Jun for K;Cq, and be-
for the probe, so that the probe could be considered as muatyeen 1.3 and 1.9um for Rb;Cgo. For RCgp, this sign
lower in intensity. The beams were focused with a 75 mm oichange is observed for both the reflection and transmission
100 mm focal length lens down to a spot size in the approXigata. Transmission could not be observed iCl, since
mate range 50um to 100 um, resulting in an excitation the samples were too thick. As we will see in Sec. V, the sign
density of ~1 wJcm 2. All traces in Figs. 1 and 2 were changes can be interpreted as due to a combination of fac-
normalized to their peak values to allow better visualizationors, including whether the interband transition produced by

and comparison. The observed0 changed\R(0)/Rinthe  the probe frequency originates from above or below the
transient response show a considerable increase towapbrmi level.

longer wavelengths. The optical density of the;Bk, film
was low enough to allow both reflection and transmission

B. Experimental results

IV. CARRIER DYNAMICS IN THE SUPERCONDUCTING
PHASE

A. Optics

We used a 775 nnil.6 eV) pump and 2 um (0.64 eV
probe setup for our low-temperature measurements because
we expected the sensitivity to changes in the quasiparticle
dynamics occurring around the Fermi level to be larger for
lower-energy photons. Unfortunately, 0.64 eV is still much
larger than the superconducting gafd223.5kgT., which is
AR/ R (1.9um, 0.64eV) | about 8.5 meV for R{Cqy and 5.5 meV for KCq,. HOw-
ever, at room temperature a considerably larger signal is ob-
Pump: 775nm tained for a 2 um probe compared to both a 1,8m and a

: 775 nm probe, thus allowing us to perform the experiment at
lower excitation intensity levels. It is very important to keep
the laser fluence low to reduce thermal heating and to keep
the increase in the transient electron temperature lower than

FIG. 2. Pump-probe time-resolved differential reflectance ob-the superconducting transition temperature. If the transient
tained for RRCy, at room temperature for a pump excitation at 775 increase in electron temperature is too high, say 300 K-1000
nm (1.60 eV} and various probe wavelengths smaller than andK as reported for many room-temperature pump-probe ex-
greater than that of the pump. periments(see, for example, Ref. 45the response will be

1=1.00ps
AR/ R (650nm, 1.9eV)

AR/ R (1.3um, 0.96eV)

AR/ R arb. (scaled)

6 8 10

-2 0 2 4
Time Delay [ps]
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FIG. 3. Ultrafast opticalA R(t)/R response in KCq at a series FIG. 4. Change in reflectivitAR(t)/R versus pump-probe de-

of nominal temperatures above and below the superconductintfy time for RRCe, at a series of sample temperatures above and
phase transition 6F.=18 K. Pump and probe wavelengths of 775 below the superconducting phase transitionTeF=28 K. Pump

nm and 2 wm, respectively, were used for theR(t)/R measure- and probe wavelengths of 775 nm and.2m, respectively, were
ments. The fitting of theAR(t)/R results to Eq.(2) using used for theAR(t)/R measurements. The fitting of theR(t)/R

temperature-dependent parameteee discussion in texts given  results to Eq(2) using temperature-dependent parametses dis-
by the dashed curves. cussion in textis given by the dashed curves.

dominated by the initial thermalization, which monitors \idth, 2.4 um extended wavelength sensitivity strained-
Fermi level smearing and is not related to Cooper pair retayer InGaAs photodiode. A tuned preamplifier with the pho-
combination or other quasiparticle processes related to supegdiode an integral part of the resonant tank circuit, buffered
conductivity. Unfortunately, the electronic specific heat ca-py g field-effect transistor—bipolar cascade circuit, was used
pacity in the normal state is proportional to temperature¢o obtain shot-noise-limited\R(t)/R sensitivity down to
causing a ten times larger increase in the induced electron'@my a few microwatts of detected power at our probe wave-

heating at 30 K as compared to room temperature. This heafength of 2,um and at our modulation frequency of 6 MEiz.
ing effect is, however, compensated by an increase in signal

size, which partially makes up for this disadvantage.

To monitor the quasiparticle dynamics at such low tem-
peratures, a high-repetition-rat83 MHz) source is abso-
lutely essential to keep the excitation intensity low and to In Fig. 3 we plot the change of the reflectivityR(t)/R
achieve a good signal detectability. The pump was obtainetbr K;Cgy at a series of nominal temperatures above and
straight from the Ti:sapphire laser oscillator operating at 77%elow the superconducting phase transitionTei=18 K.
nm, and the 2um idler from a synchronously pumped op- The curves are not corrected for the average heating of the
tical parametric oscillator served as the prbEor this lattice by the laser, which is estimated to be on the order of
wavelength combination, we have a time resolution of 200 fsl K. A similar plot for the induced reflection change
or better, given by the full width at half maximum of the AR(t)/R for Rb;Cqg is shown in Fig. 4. Both samples show
cross correlation between pump and probe. Both pump and three- to fivefold increase in the signal size when the
probe were focused to &100 um spot with an average samples are cooled down from room temperature to about
power of about 0.7 mW (80 nJcm) for the pump and 0.6 100 K, which is consistent with the decreased electronic spe-
mW (70 nJcm?) for the low-intensity probe incident on cific heat®® At room temperature the signals are character-
the film. The pump was double chopped at 6 MHz and at dzed by aAR(t)/R transient that decays withirx0.7 ps for
kHz to improve the signal detectability and to discriminateK3;Cgy and =~1.0 ps for RRCgq. The normal state decay
against rf pickup. TheM 3Cq, films have a low reflectivity, time increases by about a factor of 2 for both samples as the
and after reflection by the film the collected and detectedemperature is lowered from room temperature to about 50
probe light amounted to only about/BN. K. This response is typical for metallic systems in which

Shot-noise-limited detection at this wavelength, usingnonequilibrium carriers are cooled via inelastic collisions
such low power levels, and using MHz modulation frequen-with phonons'!
cies, was quite challenging. The probe signal modulation In order to analyze thAR(t)/R results in more detalil, the
was monitored with a 10Qum diameter, 100 MHz band- pump-probe data were fitted with a combination of re-

B. Pump-probe data through the superconducting phase
transition
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FIG. 7. Fitted rise timesy vs reduced temperatusg=T/T, for
K;Cgp (crossesand RRCq (circles.

A full nonlinear least squares minimization over the three-

dimensional r-parameter time constant spaceg(7q,72)

was performed for each temperature. The parameétgrb,,

of 1 ps to represent the fast exponential decay associateghq ¢ are linear fitting parameters to the experimental
with the thermal relaxation of the excited electrons via CO"AR(t)/R data and can be calculated explicitiGauss-

lisions with phonongthis response is observed in both the
normal and superconducting phase@i) a second slower
exponential decay timerg) to account for the slow decay
present only belowl . ; (iii) a step function(c) matched to
the residual level to account for long-lived responses (
>100 ps);(iv) a rise time ¢g) to model the considerably
slower response to the pump around the transition tempera-
ture. The §-function term[see Eq.(1)] observed at room
temperature was found to be negligible at low temperatures.’

This analysis results in a fitting equation with three time
constants and a few linear coefficients to match the contri-
butions of the different exponential decays with the observe
changes iM R(t)/R. The calculated response was convolved
with the measured cross-correlation functip(t):

ARIR= [ degt-Hl1-exp— &7

X[biexp(— &/ 11) + by exp(— &/ ) +c]. (2)

7, 8, and 9, respectively.
The resulting least squares fits to the data as a function of
‘temperature are shown as dashed curves in Fig. 3 @K

nd in Fig. 4 for RRCey. Good fits are obtained for all
emperatures for both samples.

The slow exponential decay times,] characteristic for

Newton least squares fittingor each triplet set of time con-
stants (r,71,72).
The linear fitting parameters;, b,, andc (in units of
AR/R) for K3Cgg and RBCgy, as a function of temperature

are shown, respectively, in Figs. 5 and 6. The rise times
fast decay times;, and slow decay times, for both K3;Cq
and RRCqq as a function of temperature are shown in Figs.

K3Cgo and RRCq in the superconducting phase, plotted in
Fig. 9, decrease considerably as the temperature approaches
the superconducting phase transitibpfrom below. At the
same time the amplitude of the slow respoihsebecomes

diminishingly small and essentially disappears in the normal

state(Figs. 5 and & This behavior is observed for both the

18x10°5
16 "2 ]
14} :
12} n "
® 4ot
% ‘ .
8- N
l Og .
6 ° . .
I _IUQ
4| ul \ [ ] ]
2_0'%214%_4. _’_181-,: ____ - -
~e By - T
% 50 100 150

Temperature [K]

FIG. 6. Temperature dependence of the linear fitting parameters

b, (dotted curve, squargsh, (dot-dashed curve, circlgsand c
(dashed curve, triangledor the experimentaAR(t)/R data for

Rb;Cs. The lines are a guide to the eye.

o

FIG. 8. Fast decay times vs reduced temperatusg=T/T for
K5Cgo (crossesand RRCq (circles.
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FIG. 10. Schematic plot of energy vs density of states for
M3Cso (M=K,Rb) where the oblique lines indicate occupied

Rb;Ceg and K;Cqo samples. The trend observed for the slowstates(See discussion in Sec. I1)B

relaxation timer, in both K;Cgo and RRCy, (Fig. 9) is op-
posite to that predicted by the BCS thedfy” This discrep-
ancy points to the presence of an additional, dominant, slo
decay mechanism for electronic excitation G, and
Rb;Cqo. Data we have taken o, in YBCO are similar to

(odd parity for isolated Gg°~ ions forms the conduction
and for M;Cgo, and the only parity-allowedand thus
dominanj transitions at 2 eV are from the partially occupied

those obtained for YBCO by other researchérs!and ap- by Eﬁand to d_soTedhlgrllzt_ar—I)fgngabnd with ?\ge?hpam:?h Ias .
pear to agree, at least approximately, with the BCS theor g)” as indicated in Fig. 10. Subsequent to the opical exci-

: ; : ~“fation due to the pump, the energy delivered to the conduc-
Our YBCO results and comparison with the observations in. . . ) S )
K4Cso and RiCyo will be presented elsewhefe® "ion band by the introduction of holes is redistributed rapidly

The most striking feature in the response of theCk, by means of Coulomb scattering, raising the electron tem-

data is the dip of about 30% in the absolute value of the fas[?erature. The electron gas then returns to the lattice tempera-

. X ST . ture on a longer time scale via electron-phonon coupling.
comp_onenbl (Fig. 5. Th's. reductl_o_n n signal size O.f. e We will then analyze our pump-prol2eR(t)/R results on
term is most pronounced in the vicinity of the transition tem—the basis of the followina picture: The bump bulse delivers
perature, and is discussed in Sec. V. Belbywan additional gp ) pump p

) T . energy per unit volum@aE to the sample near its surface by
slower componerth, with opposite sigris observed, and this . . . . .
o . L . introducing holes relatively deep in the conduction band by
fitting parametetb, is negligibly small in the normal state.

. ) . interband transitiongsee Fig. 10 The energy is quickly
The amplitude ob, increases and the r_eIated decay time taken up by the conduction electrons, since the lattice cannot
becomes longer as the temperature is lowered bélgw

) : I he f i le of th Ise.
This effect is seen in Fig. 9 most clearly for £, where respond on the femtosecond time scale of the pump pulse

the experimental data cover a larger temperature range bel The electron distribution is raised to a slightly elevated tem-
Te expernimental data cover a farger temperature range eo[%ratureTE, determined by the electronic specific heat, in a
Cc

time on the order of a few femtoseconds. The change in
electron temperature modifies the dielectric properties of the
sample, which results in an initial changder(0)/R in the
reflectivity at the probe frequency. As the excess energy is

adually transferred to the lattice through the electron-
g onon couplingAR(t)/R returns to nearly zero in a decay
time 7, of the order of picoseconds. The return of carriers
from higher bands occurs after a longer time and does not
play a significant role in the analysis of the experiments on a
picosecond time scale.

The response of REg, (Fig. 6) shows both differences
from and similarities to the ¥Cgq, results in Fig. 5. The
Rb;Cgp film also shows a slow componens below the tran-
sition temperatureT., and b, also becomes more pro-
nounced as the temperature is lowered further. In the case
Rb;Cqg, the slower componerii, has thesame sigras the
fast componenb,. Both K3Cgq and RRCgyp also exhibit a
decrease in rise timex (Fig. 7) and an increase in, (Fig. 9
asT drops belowT.. A model used to discuss these obser-

vations is presented in Sec. V. When the sample becomes superconducting, the scenario
changes somewhat. The enety delivered to the samples
V. ANALYSIS OF THE RESULTS through the electronic excitation changes little, since the op-

tical properties of KCgy and RRCgy are essentially un-
changed at the pump and probe optical frequencies. How-

In contrast to Gy, the doped KCqy and RRCq, films are  ever, as the electron temperature returns toward its original
metallic, and a simple band picture appears to provide a valistalue, the recombination of electron quasiparticles to form
framework within which to interpret their pump-probe re- Cooper pairs acts as a bottleneck, contributing a slow com-
sponses. As indicated in the schematic energy diagram fgronent to the decay &S R(t)/R, which is characterized by a
the doped samples given in Fig. 10, the half-filtgg orbital ~ decay timer,.

A. Model for analysis of the data
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As we show, the best argument for this scenario T C. The calculation of AR(t)/R
and RRCq is that it leads to a reasonable explanation of our \ye make the assumption that, after the arrival of the
pump-probe data in these materials. On the basis of this pigyymp pulse, the change in reflectivity at the probe frequency
ture, we can identify the fitting parameters in B8). The i hredominantly due to changes in the population and den-
parametersh, and b, are, respectively, the fast and slow iy of states at the points in the conduction band correspond-
decay contributions tA R(t)/R; while 7, and 7, are, respec- . - . "
dng to k-conserving transitions at the probe frequency. It

tively, the times characterizing electron-phonon cooling an N . o
Cooper pair recombination. The small rise time fitting pa_should be noted that the set lofconserving transitions over

rameterry represents a delay in the electron quasiparticldn€ conduction band may not correspond to a single fixed
excitation due to Cooper pair bond breaking, or the de|a};n|t|al state energy relative to the Fermi level. We will as-

time before the slow component due to the Cooper pairingUme that these.transition point§ are dom.inated by those at
bottleneck sets in. an energyE relative to the Fermi level, which could corre-

spond to a maximum in the joint density of states. We will

refer to the corresponding set kfstates in the conduction
. band as the “initial points.”

To understand the behavior &fR(t)/R for K3Cgo and This model implies that the change in reflectivity pro-
Rb;Ceo with temperature, frequency, and time, we make usejuced by the pump pulse is mainly due to changes in the
of an approximate complex djglectrip function of the form ggcillator strengthf, of Eq. (3). Based on Eq(3) and the
previously used by Iwasat al™ to give an excellent de- physical model we have outlined, we therefore write the ex-

scription of the reflectivity of KCq at room temperature pression forAR(t)/R for small changes in electron tempera-
over a frequency range from0.2 eV to~2 eV. The di- tyre in the form

electric function used by Iwaset al*® is

B. Dielectric function

AR(t) 1 4R de

w2 fLw? T_ﬁxﬁTLAfL(t):QAfL(t)u (4)
e(w)=€,— - + > . . (3
(‘)(C’H_Iyp) [(wL—wz)—l'yLw] where
In Eq. (3), €., is the high-frequency limiting dielectric con- g€l ot
stant,w, is the conduction electron plasma frequengy.is Q=2 Re( #) ] (5)
the effective electron intraband relaxation rate, and the \/E(e—l)

frequency of the light beam incident on the sample surface_.l_ btain E ‘ Eq.(4 h dth Ik
Here o, and y_ are the effective resonant frequency and 0 obtain Eq/(S) from Eq.(4), we have used the well known

damping rate, respectively, representing interband transitior@Ormal incidence formula,
between the partially filled conduction band and higher-lying

2
empty bands in KCg; and f, represents a dimensionless R= Je-1 (6)
measure of the rate of interband transitions. The values of the Je+1

room temperature parameters that Iwasal. found to give

the best fit® of their reflectivity vs frequency data inJCe To describe the initiat=0 change inAR(0)/R, we as-

are €,=544, w,=1.56 eV, y,=0.308 eV, f =0.826, sume that a small change in temperatife is produced by
w, =1.05 eV, andy, =0.563 eV. The incident light fre- the pump, yielding
quencyw in Eq. (3) is also in eV.

Although Eq.(3) was applied in Ref. 48 only to 4Cqs, AR(0)/R=QAf (0), (7)
the reflectivity spectra of Ri€Cg, and K;Cqo are quite
similar*® so we expect the form of E¢3) to apply approxi-
mately to both materials, but with somewhat different values of AE of 1 AE
for the parameters for REg,. However, we note that Eq. Af, (0)= 2L -t )
(3) can also be viewed as a parametrized expression for the dT Ce(T)  dm Cl(n) (yT?)
dielectric function, guided by a physical model, which gives ] ) ]
a good fit to the reflectivity data over a range of frequenciedn Ed. (8), AE is the energy per unit volume delivered to the
with a minimal set of fitting parameters. But, for a given conduction electrons by the pump a@(T) is the elec-
frequency, the reflectivity does not uniquely determine thronic specific heat. We have introduced the normalized
parameters. We will find, in applying E¢B) to our experi- duced temperaturen=T/T. and the normalized electronic
mental results obtained with the probe pulse at 0.64 eV, thaiPecific heaCg(7)=Ce(T)/yT., whereyT is the tempera-
the parameters used by Iwasaal*® must be modified ture dependence of.(T) aboveT.. Based on the fitting
slightly to give the best explanation of oAR(t)/R results, ~parametrization of the data in E(), we identify Eq.(7)
while changing the fit to theR(w) reflectivity data mini-  Wwith the sum ofb; +b,. For convenience in the later discus-

where

®

mally. sion, we define
We will first apply Eq. (3) to K;Cg, initially using
Iwasa’'s room-temperature parameters. These parameters are AE
then modified slightly to apply to théR(t)/R data for AfL(0)= (yT2) a(0), ©

K;Cqp at low temperatures. We discuss further below the
changes required to explain the observations ig@k. where
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0.6 — T . . : be expected. We also show in Fig. 11 a sketch of a possible
e curve of Q(w) vs w consistent with the\R(t)/R results for
Rb;Cqq (see Sec. VE

E. Low-temperature results

»§~'2 The complex dielectric functioa(w) of the form given in
< Eq. (3) gives a good description & vs w and the sign o)
0r 1 VS w observed in KCqy at room temperature. The term in
Eq. (3) proportional tof, represents the contribution of in-
0.2 L i terband transitions to the dielectric function, and the resonant
0.4 0.8 1.2 1.6 2 denominator provides an empirical description of the depen-
w(eV) dence ofe(w) on frequency for the value of the conduction

) band density of states and population at the transition points

FIG. 11. Plot ofQ vs w for K3Cq and RRCe Where Q is  5550ciated with that frequency. If the band gaps and other
Qeflned .by Eq.(5). The squaregdotted curve represent calcula- band parameters in a material do not depend strongly on
t|on_slu53(|3ng Saraanetfrg ??(';SReTfh‘lg.fOFgﬁO ?(tj room temperatutre, temperature, then changes in the interband contribution to
wp=1.56 eV andy,=0.308. The circlegsolid curvg represent a the dielectric function as the temperature is lowered from

set of parameters for 4Cq in which w,=1.52 eV and y, . -
=0.380 eV at room temperatufsee text in Sec. V E The dashed room te”."peraF”re can be described by the appropriate
changes irf| with temperature.

curve represents a qualitative sketch of a possible pictuf@(af) .

vs w for Rb;Cgg that is based on a modified set of parameters in Eq. To apply Eq.(3) to our Iow-tempgraturedata, we will

(5) and is consistent with the experimental results shown in Figs. ihen make th.e_ reasonable assumption that dplyand Yoo
and 6(see text in Sec. V E The arrows indicate the probe frequen- Must be modified. The former must change because the in-

cies used in the room-temperature experiments. terband transition rate is a function of the density of states
(which changes in the superconducting steaed of the
population of electron$(E) at the transition points; and the
af. 1 latter must change because the intraband scattering rate
T, (10 h ith temperature. As we shall show, our results can
In Cl(p) changes with temperature. As we shall show, ou _
¢ be fitted reasonably well as a function of temperature if the
interband transition at the pump frequendy6 eV) origi-
and »=T/T,. nates at an energlg well below the Fermi level for both
K3Cso and RRCqy; and the corresponding energies for
K3Cso and RRCgq at the probe frequency0.64 eVj are,

a(0)

D. Room-temperature data respectively, E~0.0075 eV below andE~0.0086 eV
We have analyzed first the room-temperature results foRPove the Fermi level.
AR(0)/R in K5Cgo using Egs(5) and(7). The quantityQ in The electrical resistivities of §Cg, and RRCg, versus

Eq. (5) was first evaluated as a function@fusing the room-  t€mperature are quite similar and are nearly independent of
temperature parameters of lwaatzal. in Eq. (3). The results  t@mperature from about 100 K down to their respective tran-
for Q(w) Vs w are plotted in Fig. 11, and indicate th@ sition temperatures of 18 K and 28 K I_Dt_'—:_pending on the
changes sign ab~1.25 eV. If all three room-temperature method of sample preparation, the resistivities of these ma-
probe spectra in ¥Cs, Shown in Fig. 1(at frequencies of terials drop by a factor of from.2 to 5 from room temperature
0.64 eV, 0.96 eV, and 1.92 @\briginate from initial points down to 100 K. We take this factor for our samples as
in the conduction band below the Fermi level, then clearlyr@ughly 2, and using this factor to scale the value of lwasa’s
Af_(0) is negative, sincalf /d7 is negative below the etal. for y,, we arrive at an approximate Iow-tempergture
Fermi level. The results foAR(0)/R shown in Fig. 1 for Vvalue of y,=0.154 eV for KCe, from 100 K down to its
KsCeo are then consistent with the frequency dependence giUPerconducting transition temperature, and also bélpw

Qin Fig. 11, both as to sign and to the frequency for the sigr OF Simplicity, we have used the same low-temperature value

reversal. The only possible discrepancy between the da@f ¥p=0.154 eV for RBCy.
(solid curve and the experimental results in Fig. 1 is the 10 evaluate the temperature dependenc&R¢0)/R pre-

prediction thatQ is considerably larger for 0.96 eV than for dicted by Eqs(7) and(8), we must consider the dependence
0.64 eV, while the reverse is true for the experimental dat®f both Q and Af, (0) on temperature a8 is lowered. We
for AR(t)/R shown in Fig. 1. This disparity will be dis- consider first the case foj=T/T.>1. As discussed above,
cussed in Sec. VE. In Fig. 11 we also show a ploQofs o~ We scalef, for »>1 as
for K3Cgo with a s% of parameters ingh'FIy d_iffere_nt from W q
those of Iwasat al. The_reason for cons!derlng this alter- f,=0.82 E(e ) , (11)
nate set of parameters will be discussed in Sec. VE. (e¥741)

The data in Fig. 2 for R{Cs are similar to those for
K3Csgp, but the sign reversal occurs at a frequency belowwhere we have introduced the normalized energy at the tran-
0.96 eV, indicating that Eq(3) with the parameters of sition pointsE relative to the Fermi leveli=E/(kT.); and
Iwasa’set al. for K;Cgq does not give an accurate description »g is # at room temperature. Whenin Eqg. (11) is negative
of the experimental pump-probe data forRk,, as might we are dealing with interband transitions from below the
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FIG. 12. Plots ofo(0) vs % for the values ofu| that best fit the
AR(0)/R data for KCg and RRCgy with »>1. Here o(0) is Y ' . * . : L >
defined by Eq(10), # is the reduced temperatusg=T/T,, and 0 1 2 3 n

=E/kT.. Th r curv rr n itivend the lower
u=E/kTe € upper curves correspond to pos dthe lowe FIG. 13. Plot ofQ vs 7 for K;Cg, for the low-temperature

curves to negativel. Comparison of the results fop>1 and » ! N .
<1 with experiment allows us to establish appropriate values a%arameters of Ref. 484(,=1.56 eV andy,=0.154) shown in

- = ) the solid curve, and for modified low-temperature parameters (
=—05. =+3. . . ;
u=-50 (KsCeo) andu=+3.7 (RaCe (seetextin Sec. VE  _; o7 o\ and ,=0.190) shown in the dashed curtaee text in

Sec. V B. HereQ is defined by Eq(5) and 7 is the reduced tem-

Fermi level, while a positive value af implies transitions peraturen="T/T, .

from above the Fermi level. As we will show, a fairly good
explanation of the data for both>1 and»<1 can be ob-
tained withu= —5.0 for K;Cgg andu= + 3.7 for RizCqp.
Figure 12 shows a plot of(0) as a function ofy for
values ofu that best mirror the behavior &fR(0)/R for #
>1 in K3Cgp and RRCgy. In view of the overall similarity
between the KCg, calculation fora(0) and theb; data of . - )
Fig. 5, it is regsgonable to assume(th)at the obsérved point i(ﬁhange in the modified calculation to the low-temperature
AR(t)/R at 24 K is due to some accidental experimentalpa:ameteis ﬁpzno'lgohat’gvl'& ?\t/)i. Tmev?/geiﬁt I(:)if thfsse
fluctuation. The shapes of the calculated curves for positiv@?}a e;:‘ Ctha gesd_cf)_ d N g plotis s Ot h 9- I7
and negatives in Fig. 12 are identicalexcept for a change in Wi ereQ for the modifiedw, andy, is seen to change only
sign for »>1, but the amplitudes are different becausesllghtly for all . Thus, a reasonable explanation of th_e tem-
: WrRy 1) i : perature dependence AR(0)/R for »>1 can be obtained
g}euscalmg factorg 1) in Eq.(11) depends on the sign for K3Cgq from the plot ofo(0) vs » shown in Fig. 12 for

- . =5.0.

Whether the curve af(0) for positive or negative values ul
of u corresponds to the observed spectrum depends on th? The effect of these par'ameter changes Or.@he') VS @
sign of Q [see Eq.(5)]. However, while the shape of the plot at room temperature is shown by the solid curve through
spectrum for KCep i.n Fi'g 12 gives’a good description of the the filled circles in Fig. 11, where it is seen that the modified
temperature dependence of the data in Fig. 5-ferT/T,  Parameters lead to an increaseQrat w=0.64 eV relative
=1, the plot ofQ vs 7 for K5Cso, Shown in Fig. 13 with the to the dotted curve throug_h the square points using the pa-
parameters of lwasat al, indicates a strong temperature Irametersl of Ivaasomt ?LOTGQ:S \r/eer]JIt, altoggg g\"tt} a polzs;]blle
dependence for>1, spoiling the apparent agreement. The arger vaiue 0lor(0) at 0.64 & anat v.J6 ev, could hep
origin of the strong temperature dependenc&ads the ap- to explain the larger v_alue_ @R(0)/R observed for 0.64 eV
pearance of the factore(- 1) in the denominator of the ex- at ::oom f?ﬁﬁratuf;e Itn ';'g' % th t of ducti
pression forQ given in Eq.(5). With the parameters of lwasa . or =1, the ellects due 1o the onset of superconductiv-
et al, the real part ok(w) is only slightly greater than 1 for ity must be considered. There is good experimental evidence

_ : P that both KCgs and RRCs are weak coupling BCS
»w=0.64 eV, causing a great sensitivity @fto temperature. Y 60
One approach to resolving this problem is to accept th uperconductor’ In BCS theory, a gap of & opens up at

predicted variation ofQ with temperature and to modify he F_erm_i levef?** and the density of states for electron
o(0) in Eq. (10) so that the producQa(0) predicts the quas'lpartlcles' peaks up at the gap boundaries. The r.educed
observed temperature dependencé B{(0)/R. Another ap- s_pecmc heat_lncreas_es abruptly belg\e/, and for <1 is
proach is to note that a small change in the parametgrs given approximately in the BCS thediyby

andy, can increase the value of the real partdb the point

whereQ varies only slightly with temperature. This can oc- Cu(n)=9.17e (15, (12
cur with no change in the calculated value Bf at o

=0.64 eV, and only slight changeshat other neighboring wheren=T/T..

frequencies. As an example, we have examined the effect of These abrupt changes beldw are reflected in Eq4.7)
changing the room-temperature parameters of Iwetsal., and(8), in particular by the modification of the temperature
o, and y,, from 1.56 to 1.52 eV, and 0.308 to 0.380 eV, dependence of; , which, in the BCS theory, becomes

respectively. This produces a change in the room-
temperature reflectivity at the probe frequency 0.64 eV of
less than 0.1%, while not changimg0) at all. For the low-
temperature calculationT(< 100 K), the low-temperature
parameters of Iwasaetal. (y,=0.154, w,=1.56 eV)
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There are sharp discontinuities appearing in the calculated

spectra of Fig. 12 at the superconducting phase transition.
(a) These discontinuities are due to the abrupt change in the
electron specific heat ai=1. In the actual experiment, nei-
ther the temperature of the sample nor its rise due to the
pump pulse are uniform over the region of the probe pulse,
so that a sharp discontinuity would not be expected in the
experimental data. This argument can in part explain the dif-
ferences in temperature dependence between the experimen-
(b) tal results of Figs. 5 and 6 and our calculations in Fig. 12 in

the vicinity of n=1.

i

VI. DISCUSSION

A. Fast relaxation time 7,

v

Kk For T>T., the low-temperature relaxation timg in the
normal state should be well described by the theory due to
52 ;
FIG. 14. Sketch of a possible model of the interband transitionsﬁo‘"en'_ IT thg pump pulse produces an excited elec.tron. ther-
relative to the Fermi leveE; at the three probe frequencies indi- Mal distribution at an electron temperat(lre, then this dis-

cated. This placement dE leads to a consistency between the tribution will relax toward the initial lattice temperatufig.
experimental data in Figs. 1 and 2 and our modelingB{t)/R for by the emission of phonons. For a small rise in temperature

(a) K3Cqp and (b) Rb;Cqq (see text in Sec. VE AT, this process involves primarily acoustic phonons, as-
suming that the frequencies for the optical phonansare

R(EU/WR‘F 1) lul greater tharkT/%. In this case, after the pump pulse the rate

fLIO-BZU(eu,,,+ 1) X(ug_ )12’ (13 of energy loss per unit volume as given by Allen’s theory is

where 6=A(T)/kT, and 2A(0) is the superconducting en-  JE/9t=Cq(Tg)dT/ot=—mhinp(Ep)N\(w’)k(Te—Ty).

ergy gap aff =0. The low-temperature limiting value &fin (14)

the BCS theory is 1.75: For »<1, the changes due to BCS Heren s the electron density(E;) is the electronic density
effects have been included in the dielectric function, ancbf states at the Fermi level, and w?) is a measure of the
have been included in the calculations@(#) vs » (Fig.  coupling of electrons to the acoustic phonons of the material.
13) and of o(0) vs # (Fig. 12. In performing these calcu- Thus, we can write/T/dt as

lations, we have used approximate valued ¢#) read from

a graph obtained from BCS theatyleading to some scatter dTIgt=—AT/ 1y, (15

in the calculated points. The striking difference in the behav-

: P e . where
ior of o(0) in Fig. 13 between positive and negative values

of u for »<1 should be noted. While the temperature- Co(Te)
dependent peaking of the density of states below the Fermi ™= ° . (16
level produces a large effect, the small value$ ofibove the whinp(Ep)\(w?)k
Fermi level prevent a similar result except whenap-
proachess. For T>T., we haveCy(Tg)=yTg where
The results for KCgo shown in Fig. 12 for positivel are ) 2
inconsistent with the experimental data of Fig. 5, and there- y=mnp(Ep)k3, (17
fore imply that the interband transition at a probe frequencyand
of 0.64 eV originates from conduction band statetowthe
Fermi level. This conclusion is also consistent with the wKTg
room-temperature frequency dependenc® @i Fig. 11, and Tl:m' (18)
suggests the qualitative picture of the three interband transi-
tions in K;Cgo shown in Fig. 14. The excited electron temperatufg is approximately equal

The results foro(0) shown in Fig. 12 for RECs, for »  to the initial lattice temperatur€_ for smallAT. The linear
<1 are inconsistent with negatiwe and therefore indicate relationship betweemr; and T is reasonably well satisfied
that the interband transitions originate from stabsvethe  for RisCgq for T>T, in Fig. 8.
Fermi level. A possible model for the three interband transi- The linear relationship betweem; and Tg in low-
tions of Fig. 2 for RRCy is also shown in Fig. 14. For this temperature pump-probe experiments has been verified in a
model to be consistent with the three room-temperature exarge number of materials, and the values\6&?2) obtained
perimental spectra shown in Fig. 2, the frequency depenfrom Eq. (18) compare well with other experimental esti-
dence ofQ(w) for Rby;Cso must be somewhat different from mates ofA (w?).%>°>The quantities\ and(w?) appear sepa-
that for K3Cqo. In Fig. 11 we sketch a possible qualitative rately in an expression foF, given by McMillan>* Pump-
picture of Q(w) vs w for RbyCgy Which is consistent with  probe measurements in a number of materials combined with
the three observed R(t)/R pump-probe spectra shown in other data have been found to give reasonably good results
Fig. 2. for T. obtained from the McMillan formuld®®® However,
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M w?) obtained from Eq(18) and applied to our data for 0.05
K3Cgo and RRCg yields much too low a value of ;. This X ’ :Q
is not surprising, since our measurementsrpfdetermine
\{w?) for acoustic phonon coupling, while superconductiv-
ity in K3Cgp and RRCq, is believed to be due mainly to
optical phonon coupling®
For T<T., the data forr; for K;Cgy were obtained over
too limited a range in temperature to identify a trend for the
T dependence of,. However, for RBCqq, 7, rises rapidly
asT drops belowT .. A number of parameters affecting in
the superconducting state change, including electron quasi
particle coupling to acoustic phonons and the density of
states near the. energy gap. However, the main contribution FIG. 15. Sketch of the Fermi levél. , the positions of the gap
to the sudden rise of, asT drops belowT; comes from the  ¢gges; the excess BCS density of states, and the Fermi function
abrupt increase in electronic specific heat, as we can saffore the arrival of the pump pulse. Examples of the initial transi-
from Eq. (16). Thus Allen’s theory, with suitable modifica- tion pointsu above(positive and below(negativé the Fermi level
tion of parameters in the superconducting state, may alsare shown by the dashed lines. Upon the arrival of the pump pulse,
explain 7, below T,. the electron system is raised in temperature. After a return to essen-
tially the lattice temperature, trapping of excited carriers above the
band gap shifts the quasi-Fermi lexlwn shifting the initial value
B. Slow relaxation amplitude b, of u=E/KT, up relative to the quasi-Fermi level, as shown by the

. ) ) dot-dashed lines. The inset shows the results of a calculation of
To understand the slow relaxation amplitudg in the dfy,/du vs 7 for K4Ceo (see text in Sec. VIB

superconducting state, we consider in more detail the model
of the Cooper pair bottleneck introduced in Sec. VA. In the|g g (see Fig. 14 Thus, asT falls belowT,, b, rises and

superconducting phase, the electron temperaltyns raised  timately saturates as the temperature drops well bdlgw
by an amountAT above the lattice temperatuiig by the (see Fig. &

arri\{al of the pump pulsg. The electron quas.iparticle system For interband transitions with initial points below the
begins to cool down rapidly at a rate determined by the fastermi level(see Fig. 14 the major contribution ta\f,_(t)
relaxation timer;. AL some point du_rmg this process, the is caused by the downshift in the Fermi level due to the
Cooper pair bottleneck Sets i, trapping excess _qua3|part|_cl mp excitation, and the effective upshift ofassociated
above the .super'co.nductm.g gap. The qu§13|part|cles con.tln ith this downshift. The pump produces competing negative
to CO.OI ra_p_ldl_y via Interaction \.N'th acoustic phon_ons_ until 4and positive contributions taf, (t) due, respectively, to
quasiequilibrium is reached, in which the distribution hasChan es in population and in thze density of statz Fi
returned to nearly the lattice temperatufg, but with an A?t the orrzsre)t of the Cooper pair bottlizneck the val%e of

excess of quasiparticles trapped above the gap, and a quast; . s .
Fermi level shifted down in energy because of missing popu-2 is proportional toAsz(O)—(deZ/du)Au, Wheresz IS

lation below the gap. Thereafter, the recombination of quagiven by Eq. (13), but with the normalization factor
siparticles to form Cooper pairs continues at a rate deter-exp/7=)+1] held constant. A calculation ofif, ,/du) for
mined by the slow relaxation time-; while the entire all values ofu and reduced temperatusg yields a positive
distribution continues to cool toward the lattice temperaturevalue except forp~ 1, implying that the sign ob, is oppo-
T, until true equilibrium is reached, with the disappearancesite to that ofb; for K3Cg, except nearp~1. A plot of
of the excess population above the gap, and the return of tI‘(ejfLZ/d u) vs 7 for u= —5.0(the value for KCqp) is shown
Fermi level to its original value. o as an inset in Fig. 15. The calculated result is quite similar to
With this picture in mind, we can qualitatively interpret the opserved curve df, vs 5 for KsCgo shown in Fig. 5,
the behavior ob, in KsCeo and RBCeo. SINCEAR()/R N anq, although the factaku determiningAf, (0) could also

52&;4) Isrlz)rcoepsosrtlt(;]g(i()%él_(i;)’ trhoe g?t?;rrzzlljt'tgn t(r)fethcehler?we be temperature dependent, this result is consistent with our
y P Prop 9€ conclusion that the initial points for interband transitions in

Asz(t) produce_zc_i by the bottleneck at the initial points of the K4Ceo lie below the Fermi level.
interband transitions.

For initial points above the Fermi levéand not in the
energy gap the dominant contribution taf,_(t) is due to VII. SUMMARY

the presence of excess quasiparticles, although there is a ysing femtosecond pump-probe techniques, we have
smaller contribution of opposite sign due to the upshiftiof gydied the dynamics of electronic cooling in®, and

relatl\_/e to the Fermi levelsee Fig. _15 If the dominant Rb;Cgo. The change in reflectiviAR(t)/R was observed,

contribution toAf, (t) has the same sign asf, (0),thenb;  poth at room temperature and at low temperatures through
andb, must have the same sign. This is indeed the case fahe superconducting transition. The room-temperature data
Rb;Cg (see Fig. 6 consistent with our conclusion in Sec. were taken at three different probe frequencies, while the
VE that the initial points for the interband transitions in low-temperature results were obtained at a single probe fre-
Rb;Cgq for a probe frequency of 0.64 eV lie above the Fermiquency. Both the room-temperature and low-temperature

df_(nVdu

=)
v

I
|
]
'
i
1
.
]
T

ym

E._ 'u u(shifted)
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data were well described by an empirical fit AR(t)/R, BCS theory predicts a temperature dependence of the form
including a fast component due to electron cooling by pho-r,<A(0)/A(T), where 2A(0) and 2A(T) are the gaps at
non emission, and a slow component in the superconductingbsolute zero and at temperatdrerespectively. This form
phase due to the recombination of Cooper pairs trappefredicts that-, becomes infinitely long af., and drops to a
above the gap during the cooling process. flat finite value as temperature decreases below This

The fast relaxation time; due to electron-acoustic pho- prediction has been confirmed indirectly in quasiparticle tun-
non cooling, which pould be followed over a broad range Ofneling experiments in the BCS superconductor tin, and a
temperatures only in R, was found to have a linear gsimilar behavior has even been observed in pump-probe ex-
dependence on lattice temperature abdye as expected periments on the high-temperature superconductor YBCO,
from Allen’s theory.7; exhibited an abrupt rise by about a \hich is knownnot to be a BCS-like superconductor. We
factor of 2 as the temperature dropped below The rise in - have confirmed the behavior ef, in YBCO with our own
T1 belOW TC iS mainly due to the Sudden increase in eIeC'experiments; yet our observations ”%%0 and RQCGO in-
tronic specific heat, as expected theoretically. This suggest§cate a finite value of-, at T.., followed by a monotonic
that Allen’s theory, with parameters suitably modified for jncreasein 7, as the temperature decreases belqw We
superconductivity, may also describe energy loss to acoustig;| present a comparison of our results in YBCO with our

phonons belowf.. ) . K3Cqp and RRCq, studies in a future publication.
The most striking finding of our experiments is the obser-

vation that, in both KCgy and RRCgy, the temperature de-
pendence of the Cooper pair recombination tirpeleviates
drastically from the predictions of the BCS theory. There are
many experiments that indicate that thgCgy compounds The work at MIT was supported by AFOSR through
are BCS-like superconductors with Cooper pairing by meang&greement Nos. F49620-96-1-0160, F49620-95-1-0221, and
of optical phonons. The theoretical calculation®fin the  F49620-96-1-0392, and by NSF Grant No. DMR-98-04734.
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