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We report results and analysis of time-resolved photoinduced reflectivity experiments on the cuprate super-
conductor YBaCu;Og 5. The sample, which haB.=45 K, was characterized by a high degree of purity and
Ortho Il ordering. The change in reflectivityR was induced and probed using pulses of 100 femtosecond
duration and photon energy 1.55 eV from a Ti:Sapphire laser. We provide a detailed picture of the decay rate
v of AR as a function of temperatufeand pump intensity. At low T, y decreases linearly with decreasing
I, extrapolating to nearly zero in the limit thattends to zero. At higher temperatugehas the same linear
dependence, but with nonzero limit &s-0. In the interpretation of these results we assume ARtis
proportional to the nonequilibrium quasiparticle density created by the laser. From an analysiy o&thee
estimateB, the coefficient of proportionality relating the quasiparticle decay rate to the density. The intercept
of y vs | yields the thermal equilibrium quasiparticle decay rate. In a discussion section, we argue that the
quasiparticles induced by the laser occupy primarily states near the antinodal regions of the Brillouin zone. We
explain the divergence of the lifetime of these particlesTaand | both tend to zero as a consequence of
momentum and energy conservation in electron-electron scattering. Next, we discuss the significance of the
measured value g8, which is=0.1 cnf s1 . We point out that the natural unit fg8 in a two-dimensional
superconductor i&/m’, and define a dimensionless const@nsuch that3= C#/m’. If the decay process is
one in which quasiparticles return to the condensate with emission of a phonorC tlkes measure of the
electron-phonon interaction. Alternatively, expressing the marginal Fermi liquid scattering in the normal state
in terms of an effectiveg8 impliesC=1/4, which is in excellent agreement with the experimentally determined
value in the superconducting state.
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I. INTRODUCTION 10-100 fs duration with a wide range of energy per pulse,

A special property of the cuprate superconductors is thagenter wavelength, and repetition rate. Such measurements
the energy required for the creation of a quasiparticle de@ré performed in a “pump-probe” mode in which a beam of
pends on the direction of its momentdnThe creation en- Pulses is split in two. The pump pulse creates the nonequi-
ergy is zero for momenta in the “nodal” direction, oriented atlibrium state while the probe pulse senses the change in the
45° relative to the Cu—O bond. The most energetically exoptical response of the medium due to the nonequilibrium
pensive quasiparticles are the “antinodal” ones, whose mdropulation. The time delay between the two pulses is con-
menta are nearly parallel to the bond. Because they feel tHgolled continuously and accurately by varying the optical
pairing interaction most strongly, their properties may holdpath length difference between the two beams. Measuring
the key to highT, superconductivity. Unfortunately, their the transmission or reflection of the probe as a function of
tendency to form strong pairs makes them difficult to studytime delay gives information about the return to equilibrium
In thermal equilibrium the population of quasiparticles is after the pulsed excitation.
overwhelmingly dominated by the low energy nodal ones. As There have been several time-resolved optical measure-
a result, transport measurements performed in equilibriummnents performed on the YB@u;0;, (YBCO) system of
such as microwaveand therma conductivity, are insensi- cuprate superconductors. The earliest otkeported the
tive to antinodal quasiparticles. change in the reflectivitfAR) of a 1.5 eV probe due to

A potentially powerful approach to studying the interac- photoexcitation at the same energy. The measurements
tions of antinodal quasiparticles at low temperature is to creshowed that in the normal stateR is small and decays very
ate a nonthermal population by external excitation. By prob+apidly. Upon cooling below, AR increases rapidly, and its
ing the relaxation of the nonthermal population to the grounddecay rate decreases. These results suggested that carrier
state, one may hope to learn about interactions between qutitermalization and/or recombination proceed rapidly in the
siparticles that would not normally be present at low tem-normal state, but are strongly impeded by the opening of the
perature. Time-resolved optical techniques are ideally suiteduperconducting gap.
to creating a nonequilibrium density of quasiparticles and Subsequent measurements provided a more detailed pic-
measuring their subsequent relaxation. These techniques awge of the magnitude and decay rateA®R as a function of
based on mode-locked lasers that produce pulses afrrier concentration in the YBCO systénin underdoped
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samplesAR is readily detectable in the normal state. Thehigh purity allows the development of very long correlation
decay rate slows with cooling, suggesting a correlation belengths(£,=148 A, £,=430 A, £.=58 A) of Ortho Il order!?
tween the relaxation rate of the nonequilibrium state and thén which the the charge reservoir layer consists of alternating
appearance of the pseudogap. It was reported that the relafiled and empty copper oxygen chains. Together with
ation time is insensitive td in the superconducting state, YBa,Cu,Og, it is one of two underdoped cuprate supercon-
with the exception of a peak ne#g. The results were inter- ductors in which doping does not introduce disorder. The
preted in terms of an excited state in which quasiparticleselative lack of disorder is reflected in the low temperature
and phonons rapidly reach quasiequilibritifihe decay rate transport properties, which indicate quasiparticle scattering
was conjectured to reflect the thermalization of nonequilibtimes in excess of 30 gs.
rium phonons. More recently a theoretical treatment compar- In our experiments, the pump and probe beams were pro-
ing the nonequilibrium state aFwave ands-wave supercon- duced by a mode-locked Ti:Sapphire laser. The pulses have
ductors has been presentéd. duration 100 fs, repetition rate 90 MHz, and center wave-
Recently, measurements &R at 1.5 eV were reported on length 800 nm. Both pump and probe beams were focused
an untwinned single crystal of YB&u;Og 5 Ortho 1111 (The  onto the sample with a 20 cm focal length lens, yielding a
designation Ortho |l refers to the macroscopic ordering ofspot size of 75um diameter. The reflected probe beam was
the atomic layer containing the Cu—0O chains. In the Ortho Iifocused onto a Si photodiode detector.
phase the chains alternate between fully occupied, and en- A double modulation scheme was used to optimize sensi-
tirely unoccupied, by O atomsin these measurements the tivity to small changes in the power of the reflected probe
range of pump intensity was extended to nearly two orders obeam. In order to minimize the noise from the Si photodiode
magnitude smaller than used in earlier measurements. It waketector, a photoelastic modulator was used to modulate the
shown that while thd dependence of the decay rate is weakamplitude of the pump beam at 100 KHz. In addition, a
when the intensityl, is large, it becomes extremely strong as galvanometer-mounted mirror varied the path-length differ-
| is reduced. In fact, the decay rate appeared to vanish asence between pump and probe beams at a frequency of
and| both tend to zero. It was suggested that the strbng 40 Hz. This yields a rapid scan of the time delay between
dependence of the decay rate is not consistent with a pictuggump and probe, which helps to suppress noise due to 1/
in which the quasiparticles and phonons reach quasiequilibfuctuations of the probe beam power. In order to demodulate
rium and an alternate mechanism involving the pairwiseand extraciAR as a function of time delay, the output of the
scattering of quasiparticles was suggested. Si photodiode was sent to a lock-in amplifier for phase-
In this paper, we present further measurements and analgensitive detection of the 100 KHz component. The output of
sis of time-resolved photoinduced reflectivity in YBCO the lock-in was then sent to a digital oscilloscope whose time
Ortho Il. The experimental apparatus and sample charactebase was triggered synchronously to the oscillating mirror.
ization are described in Sec. Il. In Sec. Ill we introduce theWith the oscilloscope in averaging mode, a minimum detect-
Rothwarf-Taylor(RT) equations, which provide a phenom- able AR/R of =107/ could be achieved after approximately
enological framework for interpreting nonequilibrium dy- 10 minutes of accumulation time.
namics in superconductors. Section IV presents measure- In this study, we focused on the decay rateA&® imme-
ments of the decay of the photoinduced reflectivity as aliately following the pulsed excitation, @r0). For most of
function of time, temperature, and pump beam intensity. Thehe measurements, we determing@®) by fitting AR(t) at
essential experimental finding, as in Ref. 11, is that the charsmall time delays by a decaying exponential. However, spe-
acteristic decay time diverges as bdtland| approach zero. cial considerations arose in measurementsy(@) at very
However, we present several results beyond those alreadyw pump power. As described in succeeding sectiofig)
reported. We present and analyze the time dependence of ti@creases as the pump intensity is lowered. At low tempera-
transient reflectivity, showing that it is described well by theyres, the decay rate decreases to the extent that the change in
pairwise scattering of quasiparticles. Second, we report imAR over the 25 ps time delay range produced by the oscil-
proved measurements of the asymptotic value of the decawuting mirror is extremely small. To measurg0) in this
rate in the limit that goes to zero. Through improvements in regime, we switched to a detection scheme that probes di-
sensitivity we were able to measug, with more than one rectly the derivative ofAR with respect to time delay. The
order of magnitude greater precision than previously. Finallysignal from the first lock-in was sent to a second lock-in,
in Sec. V we present analysis and interpretation of the eXrather than the digital oscilloscope, for phase-sensitive detec-
perimental results. We argue that the quasparticles that giigon at the frequency of the oscillating mirror. When the os-
rise to AR are antinodal in character and interpret the decayjjating time delay is less than the decay time AR, the
rate as a measure of the strength of antinodal quasiparticigtput of the second lock-in is proportional to the derivative
Interactions. dAR/dt. In this mode of data acquisition we vary the pump—
probe delay by a conventional system of a retroreflector
mounted on a translation stage.
Il EXPERIMENTAL METHODS When measured at low pump intensiy0) is remarkably
Pump and probe measurements were performed on a meensitive toT, decreasing about an order of magnitude be-
chanically detwinned single crystal of YBau;,Og5 with tween 15 and 10 K, for example. The extreme sensitivity to
T.=45 K. The sample was grown in a BaZ@rucible, temperature suggests that laser heating can introduce signifi-
which yields material with purity at the 0.999 95 level. The cant error in determining thHE dependence of(0). (By laser
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50 T T T T work for understanding nonequilibrium dynamics in
€ ol ] superconductors. The RT equations are a pair of rate equa-
g tions that describe a system of superconducting quasiparti-
g 30f ® i cles coupled to phonons. In the RT phenomenology the ex-
g cited state is characterized by number densities rather than
2 201 o ] nonequilibrium energy distribution functions. This drastic
= ol o~ ] simplification is justified ins-wave superconductors because
§ quasiparticles rapidly thermalize to a narrow range of energy

L L L ' just above the gap. Id-wave superconductors the time evo-

02 30 40 50 lution of the quasiparticle distribution function may be more

Bath Temperature (K) complicated. In spite of this, we have found that the RT

FIG. 1. Temperature of the photoexcited region of the sample aequatlons provide an excellent description of the dynamics

a function of the bath temperature, as determined by numerica f Y.BCO Ortho Il after pulsed photpexcnatlon. In the final .
simulation. Section we comment on the underlying reasons for the appli-
cability of the RT approach.

heating we refer to the steady-state increase in sample tem- In this work we write the RT equations in the following
perature due to the time-averaged laser powkor the ex-  form:
periments described above, the pump intensity was lowered _
below the intensity of the probe. In this regime, the probe N=1lgp+ 2Nype = BN, (1)
beam is responsible for heating the photoexcited region. At
low temperature we can readily observe théd) varies as o 5
the probe intensity, and consequently the sample tempera- N'=1Tpn+ Bn72 = ypN = (N = Neg) veso (2)
ture, is varied. The obvious remedy of reducing the prob
power has the drawback that thdR signal soon disappears
below the detector noise level.

Empirically, we found that the optimal compromise be-

&heren andN are the number densities of gap energy qua-
siparticles and phonons, respectively. The right-hand side of
Eqg. (1) expresses the difference between the rates of quasi-

tween signal-to-noise ratio and laser heating is obtained at particle creation and annihilatioky, is the external genera-
probe power of approximately 1.2 mW. At this power level 10N rate and Ry, is the rate of pair creatiomia annihila-
(0) can be measured, yet the induced temperature change§" ofzgap_energy phonons. The quasiparticle annihilation
significantly less than the bath temperature. Determining th&2!€ 8n” varies quadratically with density because recombi-
dependence of(0) on T at this power level requires that we Nation is a two-particle scattering event. In &) the time
know the temperature of the photoexcited region of the/@t€ of change of the phonon density is given by the external
sample. Unfortunately it is extremely difficult to measure, Phonon creation rate and the same recombination and pair
with the required accuracy, the temperature of the samplgreation termsgwith opposite signsas in Eq.(1). The pa-
directly under the focal spot. rameteryes, Which appears in the last term in EQ), is the
Because of this difficulty, we have performed a numericalrate at which a gap energy phonons are removed from the
simulation of the thermal diffusion equation to estimate theinteracting system. This can occur either because of decay
laser-induced temperature change. We input to this simulanto below-gap energy phonons that cannot regenerate a qua-
tion a realistic model for the thermal properties of the samplesiparticle pair, or diffusion out of the excited volume. Al-
and its coupling to the bath. In the experiment, the sample ishough for conventional superconductors the escape process
attached to a sapphire plate using thermal grease. Aftds relatively slow, it is essential for the ultimate return of the
mounting, the thickness of the grease layer is determinedoupled system to equilibrium.
using an optical microscope. The input parameters to the In the present paper, we are concerned with the evolution
numerical simulation are the thicknesses of the sample andf the system following pulsed excitation. In general, the
grease layer, as well as their temperature dependent thermtithe evolution depends on the relative magnitude of the three
conductivities'**> Figure 1 shows the temperature of the critical parametersyes, ¥pe and 8. Typically, Yesc< Ype
photoexcited region as a function of the bath temperature, aghich is the limit where a gap energy phonon is far more
determined by finite-element analysis of the diffusion equailikely to regenerate a quasiparticle pair than to decay into the
tion. In the simulation, the laser power is 1.2 mW, focused tdbath. In this case the phonon population will increase follow-
a spot of diameter 7wm. The thickness of the sample and ing photoexcitation until quasiequilibrium between phonons
thermal grease were 20m and 5um, respectively. In the and quasiparticles is established. The onset of quasiequilib-
subsequent analysis of the low temperature data, presentedriam occurs when the pair creation rajg.N becomes ap-
Fig. 8, we used the calculated temperature rather than theroximately equal to the recombination rgge?. For earlier
temperature of the thermal bath. Temperatures quoted in alimes, whereych<Bn2 the quasiparticle population decays
other figures are the bath temperatures. at the density dependent rgBe. However, once quasiequi-
_ librium is established the two populations are strongly
lil. BACKGROUND: ROTHWARF-TAYLOR EQUATIONS coupled. In this regimeéN and n both decay at the much
AND THE PHONON BOTTLENECK slower ratey,s. The subsequent decay of the quasiparticle
In this section we introduce the Rothwarf-Tayfoequa-  population is slow and independent of density, despite the
tions, which provide a successful phenomenological framefact that the rate of quasiparticle scattering may be rapid and
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FIG. 2. AR/R at T=9 K as a function of time following pulse
excitation, for several pump intensities. All curves were normalized FIG. 3. AR/R vs time delay atT=9 K plotted on a double
to the same value at delay time zero to illustrate the variation irlogarithmic scale, for pump laser poweis mW) 0.1, 0.2, 0.4, 0.5,
initial decay rate. The most rapid decay is seen at the highest pumb0, 1.5, 2.5, 3.8, 6.0, and probe power 2.5 mW.
intensity, corresponding to 2.5 mW of laser power focused to spot
of diameter 75um. The decay becomes systematically slower asresult of heating of the sample by the laser. As we have
the pump powe(in mW) is reduced to 17.3, 11.0, 6.0, 3.8, 2.5, 1.5, discussed previously, when the pump intensity increases well
1.0, and 0.5. The dashed curve corresponds to a pump power equgihove that of the probe the sample temperature will increase.
to the probe power of 2.5 mW. Ultimately, at high values of the effects of temperature and
intensity on the decay rate will become mixed. However, all
density dependent. The limit on the decay of the nonequilibof the quantitative analysis in this paper is based on the be-
rium quasiparticle density imposed by the quasiequilibriumhavior of the decay rate in the low pump-intensity limit.
with the phonons is termed the phonon bottleneck. The variation in decay rate with excitation density ob-
served in YBCO Ortho Il is highly unusual. Analogous ex-
periments on s-wave superconductors have consistently
IV. EXPERIMENTAL RESULTS found that the decay rate of the nonequilibrium state is inde-
pendent of the quasiparticle densifyThe lack of density
dependence is understood as a manifestation of the phonon
The decay rate of the photoinduced reflectivity in YBCO bottleneck effect. As discussed in the preceding section, the
Ortho Il depends strongly on both the temperatlitegnd the  bottleneck sets in wheny, N reaches approximatelgn?. If
pump intensityl. Figure 2 illustrates the increase of the de-there is no significant recombination on this time scale, then
cay rate with increasing at a fixed T=9 K. Each curve, only density-independent bottleneck dynamics can be seen.

A. Intensity dependence at low temperature

measured using a differehtn the range from 0.5 to 25 mW, The observation that the decay rate depends on density
has been normalized to the same value=dl to illustrate the  suggests the absence of a phonon bottleneck on the time
variation in decay rate. scale of our measurements. In Sec. V D we discuss in detail

Before analyzing the intensity dependence of the decaynder what circumstances this can occur. Briefly, what is
rate we return briefly to the question of laser-induced heatrequired is that the ratg,.N remains smaller thapn®. This
ing. As we will discuss in detail in Sec. IV B, the decay rate can happen in either one of two regimes. In the first regime,
measured at fixed pump intensity increases rapidly with temy, is very small on the scale of maximum quasiparticle
perature. This raises the concern that the intensity depemecombination rateBN(0)A. In this case, the quasiparticle
dence of the decay rate shown in Fig. 2 is an artifact ofdensity will decay to a small fraction of its initial value be-
pump-induced heating. The decisive test is the behavior dfore steady-state equilibrium is reached. In the second re-
the decay rate as the pump power is varied from above tgime, the hierarchy of pair creation and escape rates is re-
below the probe power. In the regime where the pump poweversed, such thaty,;<7es. In this case the phonon
is greater than that of the probBjncreases with. However,  population is drained off before a quasisteady state with the
in the regime where the pump power is less than the probelectronic excitations can be achieved.
power, T becomes independent bf Therefore an explana- If, in fact, the decays that we observe are free of phonon
tion of intensity dependence in terms of heating would pre-bottleneck effects, the measured rates provide direct informa-
dict a crossover to am-independent decay rate when the tion about the size of the coefficiept This in turn offers a
pump power becomes less than that of the probe. window into the nature of quasiparticle—quasiparticle scatter-

The dashed curve in Fig. 2 shows the decajA\Bfwhen ing. To test whether our measurements of YBCO Ortho Il are
both pump and probe powers are equal to 2.5 mW. Thén a nonbottleneck regime, we have analyzed the time depen-
slowing of the decay rate continues without any sign ofdence of the decay a&fR. Figure 3 is a double log plot R
crossover ad is lowered ultimately to 0.5 mW, which is as a function of time delay, for several pump intensities. At
one-fifth of the probe power. Thus the intensity dependencehe highest excitation densityR decays as a power law for
of the decay rate persists into a regime whiecannot influ-  t>3 ps. With decreasing excitation density the onset of
ence the sample temperature. These data show that the dsswer law decay shifts to longer times. At the lowest inten-
pendence of decay rate on power is intrinsic and not th&ity the crossover time is greater than the maximum time
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delay in this set of measurements, which~25 ps. ' ' .
We compare these curves with the predictions of the RT 06 °]

equations in the parameter regime in which the quasiparticles _ .

and phonons remain out of equilibrium. The RT equations Y 04 /‘ .

are clarified if the total quasiparticle population is written as =3 .7

Npn* Niy, Whereny, andny, are the photoinduced and thermal T o2l , i ]

equilibrium quasiparticle density, respectively. Similarly, we ,.,'

defineNy, andNy, as the photoinduced and thermal equilib- 0.0 e , ,

PHYSICAL REVIEW B 70, 014504(2004)

rium phonon populations. Detailed balance relates the ther- 0 ', 2 3
mal densities of phonons and quasiparticles such that 10°ARR
2Nthypczﬂnt2h. Substituting the above relation into E€L)

. . FIG. 4. The initial decay rate at the sample surfagg, as a
yields a rate equation famyy, y P e

function of the initial reflectivity change\R(0)/R. The dashed line

) emphasizes the linear dependence of initial decay rate on initial
Nph = |qp_ ﬁn;h - 2lgnthnph + 2'}’chph- (3 density.
If either conditiony,.< BN(0)A oOr ypc< vesis satisfied, the
last term in Eq.(3) may be ignored, which leads to decou-
pling of the two RT equations. The resulting rate equation for
the quasiparticles,

o

Nt) = a'lf dz € nyn(z,0)/[1 + Bng(z,0)t].  (7)

0

Assuming that the change in reflectivity is proportionai\fo

. finally yields,
Nph = qu - Bn,z)h - 2Bnthnphv

AR(D) = 2AR(0) [1 In(L+ yot)} | ®

becomes equivalent to the rate equation applicable to non- Yot Yot

equilibrium electrons and holes in semiconductors, and has

been studied extensively in  connection  with Wher€%=p8n(0,0. _
photoconductivity® If ny, vanishes asT approaches zero,  1he solid lines in Fig. 3 indicate the best fit of E§) to
then the rate equation approaCH%=|ph—Bn§h. At low T  the experimental data. The fll'[ is obtained by varyixig(0)

the quasiparticles obey simple second order, or bimolecula?Nd ¥ for each curve. There is excellent agreement between

reaction kinetics. Integration yields the decay after pulsedhe data and the prediction of the bimolecular rate equation
excitation, when the exponential variation of the pump and probe inten-

sities is taken into account. The agreement suggests that for
t<25 ps, the phonon bottleneck is not established and the

Npn(t) = —nph(L (5)  decay rate ofAR is a direct measure of the quasiparticle-
[1+Bnpr(0)t] quasiparticle scattering rate.

_ _ _ _ From the fitting procedure we determia&(0) and v, for
Equation(5) predicts that the excited popqlgtlon ap_proa_cheseach curve. In Fig. 4 we plog, as a function of\R(0)/R. It
1/pt for t>1/pBn,(0), regardless of the initial quasiparticle ig eyident that the characteristic decay rate increases linearly
density. However, as is clear from Fig. 3, the measured decayjith the magnitude of the initial reflectivity change. The lin-

curves do not obey this prediction. At long times the decay issar relationship indicates that the entire family of decay
closer tot %8 thant™, and curves for different intensities do ¢ rves can be described by a single bimolecular

not merge to a single curve at long times. coefficient 3.
The discrepancies described above can be traced to a
complication omitted from the preceding analysis. Because
the intensity of the pump beam decreases exponentially with
increasing depth below the sample surfagehe local qua-
siparticle densityny(z,t), is spatially nonuniform. The ini- at low temperature can be described by the bimolecular rate
tial local densityn,(z,0), equalsn,,(0,0)e™*, wherea is  equation with a single value of the scattering coefficjgnin
the absorption coefficient at the pump wavelength. Assuminghis section we analyze the effect of raising the temperature
negligible diffusion of excitations in thedirection, the local on the rate of decay akR. Figure 5 shows a set of normal-
excitation density decays as ized decay curves adiR, measured in the temperature range
from 5-70 K, induced by a pump power of 2.5 mW. The set

B. Temperature dependence

In the preceding section we showed that the decajRf

N,(z,0) of curves illustrates clearly that the decay rate at fixed
- pM®* . . L .
Non(zt) = [1+ B 01 (6) increases rapidly with increasing
p d

To analyze thel dependence, we again consider the RT
The probe beam, whose change in reflectivity measuresquation in the decoupled regirfieq. (4)]. At nonzeroT we

the excited quasiparticle density, also decays exponentially imust include the last term on the right-hand side, which was

the sample. Therefore the measured reflectivity change iseglected previously. Physically, this term describes the rate

related to an exponentially weighted average of the nonequisf scattering of a photoinjected quasiparticle by a thermal

librium quasiparticle densit}? equilibrium one.
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FIG. 7. Initial decay rate;(0), as a function ofT for three

FIG. 5. AR/R induced by 2.5 mW pump power and measured
values of pump power. The probe power was 2.5 mW.

by a 2.5 mW probe, as a function of time following pulse excita-
tion, for temperatures in the range from 5-70 K. All curves were
normalized to the same value at delay time zero to illustrate thédly increasing density of thermal equilibrium excitations. In
variation in initial decay rate. The decay is most rapid at the highesthe next section we examine the temperature dependence of
temperature, and becomes systematically slowel as reduced  the intercepts, as determined from measurements performed
from 70 K to 50 K, 44 K, 28 K, 22 K, 17 K, 12 K, and 5 K. at very low pump and probe intensities.
Figure 7 presents a different perspective of the decay rate
We have found that the most direct way to compare theas a function of temperature and intensi0) as a function
data with Eq(4) is to focus on the initial decay ratg(0), of  of T for three values of. We first note thaty(0) at fixed|
the experimentally measured transients. Hg® is defined  decreases as the temperature is lowered. This trend is consis-
as the limit of the instantaneous decay rate =-nyn/n,nas  tent  with  observations in  the BBr,CaCyOg,5°°
t approaches zero. According to E(), ¥(0)=p[ny(0)  Tl,BaCuOss?t  Lay,SKCuQ,,  BiSnpCuQ,*  and
+2ny,]. Assuming that the initial reflectivity change is pro- HgB&CaCu;0g. 5 (Ref. 23 systems. In the normal state and
portional ton,,(0), a plot of ¥(0) vs AR(0) should yield a jus‘g be_lowTC the d_iff_erent data sets lie on the same curve,
straight line with slope proportional {6 and intercept Bn,,.  indicating thaty(0) is independent of. As the temperature is
Figure 6 showsy(0) plotted as a function aAR(0)/R for lowered belowT, the decay rates measured with different
several temperatures in the superconducting state. The damMp intensities begin to diverge. As the temperature tends
at the lowest temperature are essentially equivalent to th& zero, the decay rate crosses over to a temperature indepen-
results presented earlier. In Fig. 4 the decay rate was detefl€nt regime, with the crossover temperature higher when the
mined by fitting the entire time dependence, while in Fig. 6rates are measured at greater pump intensity. A consistent
the decay rate is determined from the initial slope. The rea€Xplanation for thé andl dependence of(0) can be found
son the decay rates in the two figures differ by a factor of 2n the picture of pairwise scattering involving both thermal
can be understood from E¢B). Taking the derivative of this €quilibrium and photoinduced quasiparticles. The lack of in-
formula with respect to time shows that0) = y,/2. tensity dependence aboVg suggests that in this regime the
With increasingT the 7(0) VS AR(O) plots shift Vertica”y, -thermal denSi'Fy of qUaSipartiCIeS is far Iarger than the phOtO'
with little change in slope. The fact that the slope is nearlylnduced density. The strong temperature dependence above
constant implies thag depends weakly, if at all, on the tem- Tc Suggests that, decreases with decreasing temperature in

perature. The increase of the intercept witimplies a rap-  the normal state, possibly due to the opening of the
pseudogap. The onset of intensity dependenck, atay in-

dicate thatng, has become comparable gy, Alternatively,

0.25 . T T
*Ie 3.I)K the sudden change in decay kinetics may be related to the
0.203.0’ * 7 2K onset of the coherence in the antinodal quasiparticle self-
s 12K energy. Finally, the decay rate measured at fixed pump inten-
oA M sity crosses over td independence whemy, becomes much
‘B 0.10 v M smaller thann,,(T). The overall behavior ofy(0) suggests
= lwY o that the decay rate vanishes in the limit that bond T go
005F  an 4 @ to zero.
..
0.00 . . ‘ . . :
00 02 04 06 C. Low intensity regime
4
10°ARR In this section we focus on measurementsy(d) per-

FIG. 6. Initial decay ratey(0), as a function of initial reflectiv- formed at the lowest laser intensities that are accessible ex-
ity change AR(0)/R, for T=12 K, 17 K, 22 K, and 30 K. The ther- Perimentally. The motivation for studying the low-intensity
mal equilibrium decay rate, obtained from extrapolation of the datd€gime is to measure, via a nonequilibrium experiment, the
to zero AR(0)/R increases rapidly with temperature. The probe recombination lifetime of quasiparticles in equilibrium. In
power was 2.5 mW. At 12 K, aR(0)/R of 0.6x 10*is induced  order to probe equilibrium properties, the density perturba-
by a pump power of 2.5 mW. tion introduced by the laser must be small, such that
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-9 superconductor. The experimental reason is that in some

01¢ -Q 3 samples of BSCCOy,, is proportional toT? over the tem-
- o perature range from 10 K to 40 ¥.(The dashed line in Fig.
O - ] 8 indicates aT? dependencg Fitting Eq. (9) to the YBCO
s 7 ' g - Ortho Il data yieldsl,=1100 K and a temperature dependent
& # E:: . activation energyAy, that is plotted in the inset. The origin of
f 00 the exponential cutoff iny, that appears in YBCO Ortho Il
0.001 * Dtk U and not in BSCCO is not understood at present. However, we
10 20 30 note that analogous behavior is observed in the scattering
Temperature (K) rates observed by ac conductivity experiments. In the YBCO

system, the mean free path increases exponentially with tem-
FIG._ 8. Twice the therma! equilibrium recombination rate, asperature towards a limit of several microns set by elastic
determined by the extrapolation f0) to zero laser power, as a processe$® In BSCCO theT dependence is much weaker
function of temperature measured with probe power of 1.2 MWand the limiting value is only a few hundred?lt is pos-
Solid squares are results for the YBCO Ortho Il sample, opensiple that momentum conservation imposes constraints on
circles show results obtained on a thin film sample of BSCCO W'ththe rate of quasiparticle-quasiparticle scattering in the
T=85 K. The dashed line indicates a temperature dependence preiaaner YBCO system. These constraints may dictate that

. S dash rem) /
E_Ort'tc_’“al tOtT : T&g(':noseés‘tzo"‘l’f thzaft'va_t'oréef“ergy ?{ ihe recomM-gnly Umklapp processes are allowed at IGweading to an
ination rate in rtho Il as determined from a fit to E9). exponentiall dependencé?’

<ny, According to Eq.(4), y(0) approaches 2n, in this
limit, which is exactly twice the thermal equilibrium recom- V. DISCUSSION

bination rate,y. _ _ . In analyzing the experimental data presented above, we
Measuringy, accurately becomes _mcreasmgly difficult at begin(in Sec. V A with the most basic question: what type
low temperature because of the requirementiiainy. AS  of excitation is probed by transient reflectivity experiments
Ny, decreases rapidly with decreasiigthe pump intensity  performed on the cuprate superconductors? We argue that
must be lowered accordingly. EventuallyR reaches the ihese excitations are quasiparticles that occupy states close to
noise floor of the experiment, which sets a limit on the small-ha antinodal regions of the Brillouin zone. In Secs. V B and
est y, that can be measured. In principle, the signal siz&; ¢ e turn to a quantitative analysis of the decay rate of the
could be increased by raising the intensity of the probe beanyggexcited state. Section V B focuses on our observation

However, this inevitably leads to an increase in the averagg; the lifetime of a photoinjected quasiparticle diverges in
temperature of the photoexcited region compared with thene |imit that T and | both tend to zero. We show theoreti-

bath temperature. This problem becomes increasingly Sevefg|ly that the constraints of momentum and energy conser-

at low temperature, where the thermal conductivity of theyation prevent thermalization of antinodal quasiparticles to-

sample is small. For the data to be presented, the probe ifgarq the nodes. In Sec. V C we estimate the magnitude of

tensity was maintained at 1.2 mW, a value which providesne recombination coefficient from the experimental data,

the best compromise between sensitivity and heating. and discuss its theoretical interpretation. Finally, in Sec. V D,
At eachT, we obtain 2, from the extrapolation to zero \ye comment on possible reasons for the absence of a phonon

of a linear fit toy(0) vs AR. The temperature of the photo- |itieneck in the decay of the photoexcited state.

excited region is determined through the numerical analysis

described in Sec. Il. Figure 8 is a double logarithmic plot of

2y as a function ofT, showing results for both YBCO A. What types of excitations are probed?

Ortho II' and a thin film sample of BSrLCaCyOq As a first guess, one might imagine that the photoinduced
(BSCCO.** At the upper limit of theT range, », is nearly  quasiparticles occupy states near the nodes, as these are the
identical in the two materials. However, as mentioned previ{owest energy excitations. This intuition is consistent with
ously, the dependence of, on T becomes very strong in the generally accepted picture of the quasiparticle distribu-
YBCO Ortho Il at low temperature. If the functional form tion function in the nonequilibrium state. In this picture the
was assumed to be a power law, thgpwould approach a nonequilibrium quasiparticles rapidly adopt a Fermi-Dirac
T® dependence. distribution, but with a chemical potential, and temperature,
We believe it to be more reasonable to assume#hah . andT", respectively, that are larger than their values in
YBCO Ortho Il decreases exponentially at low temperaturethermal equilibriun?®2° In a d-wave superconductor this

To analyze this exponential dependence, we compare th@stribution describes a population of quasiparticles that is

data with the formula, dominated by states near the nod&®dal” quasiparticles
The occupation of states with energy greater than
keT T OLLUP >
2yn(T) = YT_eXd_ Ap(T)/kgT]. (90  maxu',T) is exponentially small.
0

On the other hand, the experimental evidence suggests
We introduce a prefactor proportional T3 for two reasons, that the photoexcited state is not a degenerate gas of nodal
one theoretical and the other experimental. The theoreticajuasiparticles. Three observations, in particular, lead us to
reason is thahy,(T) is predicted to vary ag? for ad-wave this conclusion:
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(1) The diffusion coefficient of photoinjected quasiparti- B. Stability of an isolated photoexcited particle

cles is at least two orders of magnitude smaller than the |, sec. v A, we argued that the quasiparticle distribution
diffusion coefficient of nodal quasiparticl&The diffusive function in the photoexcited state peaks at an energy above

propagation of nonequilibrium quasiparticles in  YBCO yne chemical potential and therefore is not of the Fermi-Dirac
Ortho Il was recently measured by the transient grating techf

. g e orm. Such a nonequilibrium distribution can arise if quasi-
gfzﬁ?/\gal\ﬁ‘:‘efoéeigfnﬂ'r]:feu;'?gr Crﬂﬁgfr',egﬁo?fgzgggngrﬂ,d particles cannot scatter into nodal states during the lifetime

crystalline axes, respectively. This may be compared with f the photoexcited state. However, we have also shown that

nodal quasiparticle diffusion coefficient 6000 cni/s as is lifetime can be very long, reaching0.6 ns at the lowest

determined from microwave spectroscopy on the sam&EMperaiure and intensity accessible experimentally. By
sample'3 comparison a 30 meV excitation in a Fermi liquidith

(2) The reduction in the condensate spectral weight def€rmi energy~1 eV) would decay into electron-hole pairs
pends |inear|y on the pump intens“y.lformation about the in ~3 pS. In the fO”OWlng we deSCI’Ibe hOW the I’e|atlve sta-
photoinduced reduction of condensate spectral weight comédlity of a quasiparticle in a-wave superconductor can arise
from visible pump-terahertz probe experimett& At fre-  from the severely restricted phase space for decay.
guencies~1 THz, the optical conductivityo(w) is domi- In a Fermi liquid, quasiparticles readily decay into
nated by its imaginary partr,, which is proportional to the particle-hole pairs because energy and momentum can be
condensate density. Following photoexcitation at 1.5, conserved in the process. However, the kinematic contraints
drops rapidly as the condensate density is diminished. Aare much more severe in the case ofl-aave supercon-
intensities below the saturation level, the loss of condensatéuctor. Consider the momentum-resolved particle-hole exci-
density is a linear function of the energy deposited in thetation spectrum in the two cases. In the Fermi liquid the
photoexcited volume. particle-hole spectrum forms a broad continuum that extends

The linear reduction of condensate density with pump enfrom zero wave vector to twickg, even as the pair energy
ergy is inconsistent with the physics of nodal quasiparticlestends to zero.

This point can be illustrated by considering the temperature The d-wave superconductor differs from the Fermi liquid

dependence of the superfluid density,Nodal quasiparticles in that the Fermi contour shrinks to four nodal points. As a
are responsible for the linear hdecrease ops observed in  consequence, the two-particle excitation spectrum is much
clean cuprate superconductd?ddowever, the energy stored more localized in momentum space. Figure 9 illustrates the
in the nodal quasiparticle gas increases noT abut asT>. momentum-resolved two-particle excitation spectrum of a
Therefore the reduction ips due to nodal quasiparticles var- d-wave superconductor. Each plot is a color-scale depiction
ies as the one-third power of the total energy in the quasief the density of two-particle excitations of a given energy in

particle gas. We would expect such a strongly sublinear rethe first Brillouin zone. The spectra were calculated using a
lationship for a degenerate gas of nonequilibrium nodaparameterization of the quasiparticle dispersion obtained by
quasiparticles as well. Normart® from a fit to ARPES data. The value of the maxi-

(3) Far-IR measurements of the photoexcited state shownum gapA, was arbitrarily set to 50 meV. The conclusions
that the optical spectral weight that is removed from thewe reach based on the simulation do not depend on the cho-
condensate by photoexcitation shifts to energies on the ordesen value for\,. At very low energies, the two-particle spec-
of 50—100meV, or several times the value of the maximumtrum is localized near nine discrete wave vectors that repre-
gap3* As discussed above, thermal excitation of nodal quasent the creation of particles at the nodes. As the energy of
siparticles does indeed remove spectral weight from the corthe pair increases, the locus of possible wave vectors spreads
densate. However, the spectral weight shifts to a very narrowut. However, for energies that are less tignthe allowed
(<30 neV) Drude peak centered o@=0. In contrast, the momenta remain clustered near the nine zero-energy wave
spectral weight removed from the condensate by photoexcivectors.
tation shifts to frequencies that a#€1000 times higher than In order for a single quasiparticle to scatter and emit a
the width of the nodal quasiparticle Drude peak. This is fur-pair of additional quasiparticles, its change in energy and
ther evidence against a degenerate gas of nodahomentumAeandAk, must match that of the paiey,;, and
quasiparticles. Kpair The constraints imposed by this condition are illustrated

On the basis of the preceding arguments, we conclude that the diagrams shown in Fig. 10, which describe the pos-
nodal quasiparticles do not dominate the population of quasible decay events of a hot quasiparticle. For this example we
siparticles created by photoexcitation. In other words, théhave chosen a quasiparticle with energy 40 meV and mo-
quasiparticle distribution in the photoexcited state cannot benentum on the Fermi contour of the normal state. Each dia-
described as a Fermi-Dirac function with effective param-gram corresponds to a fixed energy transfer in the scattering
etersu” andT". The experiments are more consistent with aevent. The color scale indicates the location of allowed val-
distibution function that is peaked at an energy above thelies ofAk andk,,; at the transfer energy. A scattering event is
chemical potential. Such a distribution can arise if it is notkinematically allowed only at momentum transfers where the
possible to scatter into the the nodal states during the lifetimévo sets of wave vectors overlap.
of the photoexcited state. In Sec. V B we show that the con- Figure 10 illustrates how kinematics prevent the inelastic
straints of energy and momentum conservation severely rescattering of the hot quasiparticle. For example, consider the
strict the rate at which hot quasiparticles scatter into statescattering events with the largest possible energy change,
near the nodes. 40 meV. To give up all its energy the hot quasiparticle must
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(a)

FIG. 9. (Color) Color scale depiction of quasiparticle pair momenta in the first Brillouin zone for different values of the two-particle
energy;(a 10 meV,(b) 20 meV,(c) 30 meV,(d) 40 meV,(e) 50 meV, andf) 60 meV. The value of the gap paramefgyis 50 meV.

scatter to one of the nodes, thus there are only four allowed consequence of the rapid decrease of quasiparticle velocity
values ofAk. [The four points are not visible in Fig. {#).] with increasing distance from the node. For this reason, we
One of these four wave vectors just touches the perimeter anticipate that not all quasiparticles of a given energy will be
the elliptical region of pair wave vectors, which indicates anstable. The contours of constant quasiparticle energy are dis-
allowed scattering event. In this scattering event the hot quaerted ellipses centered on each of the nodes. Quasiparticles
siparticle scatters to the node, with the simultaneous creationear the major axis vertex of the ellipse will be stable, as we
of a quasihole at the node and a quasiparticle at the enerdyave seen. However, the velocity for particles near the minor
and momentum of the hot quasiparticle. This exchange proaxis vertex is comparable the nodal quasiparticle velocity.
cess, although kinematically allowed, does not lead to d&or these quasiparticles there are no kinematic constraints to
change in the particle distribution function. prevent rapid thermalization. Thus, we anticipate that after a
If the hot quasiparticle does not lose all of its energy,short time following pulsed injection only nonequilibrium
there are more choices for the final momentum. The locus gparticles near the major axis vertex will survive.
allowed Ak expands, becoming visible as arcs in par{bls
through(e) of Fig. 10. However, as the arcs expand the locus C. Bimolecular recombination
of pair creation wave vectors shrinks. Figure 10 shows that
the region of allowedk,,; shrinks faster than the expansion
of allowed Ak, so that the two regions fail to overlap at any  In the preceding section we have seen that kinematic con-
energy transfer less than the energy of the hot quasiparticlstraints can stabilize an isolated antinodal quasiparticle.
The absence of overlap demonstrates that the thermalizatidthiowever, our experiments show that a pair of quasiparticles
of the hot quasiparticle is forbidden because of kinematican convert to a state which no longer contributeAfo We
constraints. Recently, Howedit al?” reached a similar con- can be confident that this conversion requires two particles,
clusion based on an analytical, rather than numerical, apand not more, because the decay rate increases linearly with
proach. density. The coefficient that relates the decay rate to the den-
The kinematic constraints in this example are specific tasity, B, is directly related to the cross section for inelastic
guasiparticles near the normal state Fermi contour. They argcattering of two quasiparticles. Thus the magnitudg o$

1. Estimating 8
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FIG. 10. (Color) Depiction of the lack of overlap between the scattering momemtirand the pair momentum,,;. For this illustration
the hot quasiparticle starts with energy 40 meV and momentum on the Fermi contour of the normal state. The arc segments in each square
show the possible values dk for several values of the scattering enetty (a) 40 meV;(b) 30 meV;(c) 20 meV;(d) 10 meV;(e) 5 meV.
The color scale plot in each of the squares shows the allowed vallkgg, @it the same energy. As the energy transfer decreases and the arc
segments expand, the regions lgf;, shrink faster. The lack of overlap is a graphical demonstration of how momentum and energy
conservation prevent thermalization of a quasiparticle near the antinodal region of the Brillouin zone.

of fundamental importance as a measure of the coupling of 7TUF<kBT>2 (10)

guasiparticles to some other excitation of the interacting ”th(T)zg
electronic system. 2
We turn next to estimatingg from the measured depen- wherevr andv, are the nodal quasiparticle velocities per-
dence of the decay rate on density. Experimentally, we megendicular and parallel to the Fermi contour, respectitly.
sure both the nonequilibrium decay rg#®,, and the thermal Based on the RT equations, we would expect the thermal
equilibrium rateBny,. To extractB from these measurements, equilibrium decay rate to be proportionalrig and thus vary
we need to know eitheny, or ny. Unfortunately, neither with temperature a3 Instead, we find experimentally that
quantity is directly determined from the data, and we needn YBCO Ortho Il the limiting behavior ofyy, is exponential
additional assumptions to estimate these quantities. To estiather than power law. The exponential term in the recombi-
maten,, we use energy conservation to convert from lasemation rate suggests that the near-zero energy quasiparticles
energy density to quasiparticle density. In the linear regimeare not recombining effectively with photoinduced quasipar-
of v vs| a recombination rate of 16s™ results from a laser ticles. On the other hand, it is clear that the thermal quasi-
energy density of 0.1 J crh If photon energy is converted particles that do participate need not be antinodal in charac-
entirely to 40 meV quasiparticles, then their initial density ister because the activation energymf(T) is less that one-
~10' cm™?, and thereforg8~0.1 cn¥/s. tenth of the maximum gap value of about 40 meV. The
We can also determing from the thermal equilibrium unexpected exponential cutoff of the recombination rate may
recombination rate as well, if we knom,(T). For ad-wave indicate that only nodal quasiparticles that exceed a small
superconductor, energy, of order a few meV, can participate in recombina-

fLUF
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tion. The physics may be related to the small Umklapp scatto the T-independent value observed experimentally.
tering gap seen in the momentum scattering rate of nodal The prediction thatye T® while ny,,=T? is a reflection of
quasiparticleg. the underlying Fermi liquid theorgFLT). In FLT the normal
Despite the exponential cutoff of the recombination rate astate scattering rate varies & while the thermal quasipar-
low T, we can attempt to estimagfrom the thermal recom- ticle density varies a3. The corresponding quantities vary
bination rate at highef. Above =20 K, v,(T) is not incon- as one higher power of for the d-wave superconductor
sistent with a quadratic dependence on temperature. In théecause its density of states is linear in energy, rather than
range we found that R4(T)=(kgT/#)T/Ty, with T, contant. Thus it is a general consequence of the phase space
=1100 K. Assuming thaty,,=8ny, and using Eq(10) to  of Fermi liquids that the quasiparticle scattering rate is not
estimate ng,(T) (with ve/v,=10) we find 8=0.26 cni/s.  simply proportional the quasiparticle density.
Considering the approximations and assumptions involved, It is interesting, and perhaps relevant, to recall here the
this value is quite close to the one determined from the noncelebrated fact that the high:- cuprates violate this central

equilibrium recombination rate. prediction of FLT. That is to say, the normal state scattering
_ rate varies linearly, rather than quadratically, with the tem-
2. Theoretical approaches fo perature. In this marginal Fermi liquidVFL),3 the scatter-

Within the context of BCS theory, the process of recom-ing rate~2kgT/7 is proportional to the quasiparticle density
bination is the annihiliation of a quasiparticle pair with the N(O)kgT. The coefficient of proportionality, 9By, is sim-
simultaneous emission of a gap energy phonon. The theoly 7/ 7m". Evaluating this expression witim =3m, yields
of the recombination rate of BCS quasiparticles was develBwr =0.1 cnf/s, which is remarkably close to the experi-
oped by Kaplaret al,®” whose calculations assumed an iso-mental value. This agreement suggests that there may be a
tropic s-wave gap and the breaking of momentum conservaclose connection between the quasiparticle scattering in the
tion through strong elastic scatteringlirty limit). Their ~ normal state and the antinodal quasiparticle recombination in
result for the recombination rate, expressed through our defthe superconducting state.
nition of recombination coefficient, is B
=47wa?(2A)F(2A)/AN(0), where a, F, and N, are the
electron-phonon coupling strength, density of phonon states, . i . .
and density of electron states, respectively. While it is very In the preceding section we described two mechanisms
useful to have this explicit result to compare with, we mustfor duasiparticle pair recombination. In the more familiar
bear in mind that the cuprate superconductors do not satisign€, the pair is destroyed with simultaneous creation aka 2
the assumptions upon which this calculation is based. Th&honon. In the second mechanism the pair is converted to an
cuprates are two-dimensional2D) rather than three- electronic excitation, such as an antiferromagnetic fluctua-

dimensional3D), d-wave rather thas-wave, and are in the tion. Both mechanisms can provide an explangtion for the
clean, rather than the dirty, limit of elastic scattering. absence of a bottleneck. In the second mechanism, the qua-
We are not aware of a calculation of the phonon-mediate&'part'de pair d_ecays to other p_artlcle-h(_)le excitations. If the
recombination rate applicable to the cuprate superconducflumber of particles generated in the pair-destruction process
ors. However, in anticipation of such a calculation, we defindS tWo or more, then it is highly unlikely for the reverse
a dimensionless consta@t=7%N(0), that parametrizes the Process to occur. The low rate for the reverse process leads to
electron-phonon coupling strength in the clean limit. If in the @bsence of a bottleneck. _ S
addition we express the 2D electronic density of states ©On the other hand, phonon-mediated recombination is in-
through an effective mass1’, then we obtain the simple herently susc_eptlble to a bottleneck bgcguse only one partl_cle
formula 8=C#/m’. Assuming an effective mass that is three (tN€ phonon is created when the pair is destroyed. Previ-
times the free electron mask/m =0.3 cn?/s, so thatB ously, we suggested that there are two parameter regimes in
=0.1 cn?/s corresponds t&~1/3. It is striking thaC is of ~ Which the bottleneck would be avoideg.<BN(0)A or
order unity. This suggests that, while we do not know if Ypc< Yesc The absence of a bottleneck in the latter case is
phonon emission is indeed the mechanism for quasiparticl@UPPorted by an analytical solution, provided by Giagf
recombination, we have identifigdd " as the ‘natural unit  the RT equations in the linear reginig,, <ny,). At low tem--
for B. peratures, where we may expegt< ypc the_ excess quasi-
The body of experimental results on the cuprate supercorfarticle  population  decays  with lifetime 7=~ (1
ductors have led many researchers to conclude that quasipar¥pc/ Yesd/2nn- The analytical solution shows thatis a
ticle scattering is determined by electron-electron, rather thagirect measure ofy,, when yc/ yesc— 0.
electron-phonon interactions. The BCS theory of recombina- The RT equations have not been solved analytically in the
tion was adapted by Quinlast al®® to the case where nonlinear regime wherg,,>ny, However, we can use gen-
quasiparticle-pair energy is converted to antiferromagneti€ral arguments to quantify the conditions necessary for decay
spin fluctuations, rather than phonons. As we explain belowgf the excited population to reflect the underlying quasipar-
the results of this calculation cannot be compared directlyjicle recombination rate. First we analyze the case where
with 8. The recombination rate at loWis predicted to vary  ¥pc<BN(0)A. Following pulsed injection, the bottleneck
asT3. Thereforey, is not proportional ta,, which, as we  sets in when the pair destruction and creation rates become
have seen, varies €. Expressed in the language of this equal, orBnZ= 27,Nss WherengsandNgg are the quasiequi-
paper,3 vanishes in the limit thaf goes to zero, in contrast librium steady-state densities of quasiparticles anl 2

D. Absence of phonon bottleneck
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phonons, respectively. The size f; relative to the initial  This term corresponds to a fractional correction to the decay
densityn, is a measure of the strength of the bottleneck. Inrate equal toy,/ vesc This mechanism for avoiding the
the weak bottleneck regime, wheng, is much less thamg, bottleneck is also quite plausible in the cuprate supercon-
the density decays to a small fraction of initial value beforeductors, where & phonons have very high energy60 meV

the onset of quasiequilibrium. and therefore may have short lifetimes.
The rationg/ny can be calculated using conservation of
energy, which implies thatrs+Ngs=2n,. The result is VI. SUMMARY
The most significant observation reported in this paper is
Ngs A 4 )
o = > 1+--1/, (11 the strong dependence of the decay rate of the transient re-
o

flectivity on both temperature and pump laser intensity. At

where \=2y,./8n,. The weak bottleneck regime corre- low T the decay rate is a linear function bfAt low | the
sponds to\ <1, in which case the steady state density is veryd®cay rate decreases exponentially with decreasirg the
small, ne/ny=\*2. In the strong bottleneck regima> 1 lowest values ofT and | probed by our experiments, the
the steady state density nearly equals the initial densityifetime of the photoexited state becomes extremely long,
Nee/No=~1-1/\. ~600 ps. There is no indication that the lifetime would not

To determine whether the cuprates are in the strong ofontinue to increase if the experiment could access lower

weak bottleneck regime, we must estimate the magnitude ofalues ofT and|. _
\. To do so we first recognize that must exceed a i, In our analysis of the data, we first addressed the nature of

obtained by setting,, equal toN(0)A, the maximum quasi- the excitations probed by measuridgR. We presented argu-

particle density in the superconducting state. We can evaluafgents thaidR is proportional to the density of high-energy
Amin in the dirty s-wave case, as Kaplahal3” have calcu- ©F antinodal quasiparticles created by the laser excitation. We

lated v, as well asB in this regime. The characteristic pho- explained theoretically why such particles, although not the

non depcay rate is given by,.=4m2N(0)a?A /%N, whereN is lowest energy excitations, could be highly metastable at low
C [} . e .

the number density of ionsp. Given this phonon decay rate, wiemperature and density. The metastability is a consequence

find that of the limited phase space for decay of high-energy quasi-
particles to the nodal regions of the Brillouin zone. As the

27 N(0) phase space restrictions rely on momentum conservation, the

min = 7NF(2A)' (12) degree of metastability may be expected to be highly sensi-

tive to disorder.

The simplicity of this result is a consequence of detailed Having understood the stability of an isolated quasiparti-
balance in the dirty limit. Equatiori12) shows that the cle, we sought a quantitative understanding of the decay pro-
strength of the bottleneck is determined by the ratio of thecess that occurs when a pair of quasiparticles interact. We
electron density of states at the Fermi level to the phonogstimated the magnitude of the recombination coefficignt,
density of states at& It is clear that the higf, cuprates from both theT and | dependence of the decay rate. We
can be in the weak bottleneck regime, whens very small, ~emphasized thag is a direct measure of the strength of
in constrast with conventional loW; superconductors. In quasiparticle interactions. In addressing the theoretical ap-
the highT, materials the gap energy is large, antl @in-  proaches to the recombination rate, we identifiéth” as the
cides with large phonon density of states peaks associatetftural unit fors in a two-dimensional superconductor. We
with optic phonons. Furthermore, the density of states at th@ointed out that while recombination is assumed to be
Fermi level is small compared with conventional metals.phonon-mediated in conventional superconductors, electron—
Both factors favor smalk. In contrast, in conventional su- €lectron mediated processes must be considered as well in
perconductors phonons with energy Be in the low-energy  the cuprates. In the context of phonon-mediated processes,
tail of the acoustic spectrum. Therefore the density of resowe discussed the need to extend the work of Kagtaal '
nant phonon states is small. This fact, together with the largo the 2D, clean limit that is applicable to the cuprates. In the
electronic density of states, place conventional superconducglectron—electron mediated case, more work is needed to un-
ors in the strong bottleneck regime. derstand the underlying recombination process. As a moti-

The second regime where the bottleneck is avoided i¥ating factor, we pointed out the remarkable coincidence be-
Ype<7Yese IN this case quasiequilibrium is never achievedtween the normal state scattering rate and the
because phonons are rapidly removed before they can bregkperconducting state recombination rate. We showed that
pairs. Following pulsed photoexcitatidty, the nonequilib- ~ both processes have the same dependence on the quasiparti-
rium phonon density increases from zero, reaches a max#le density, which can be described by an interaction coeffi-
mum, and then decays rapidly. The peak valueNgf, or  cient equal toh/m .

Nphmae Can be estimated by settitg=0 in Eq. (2). In the
limit that ypc< yeso this yields Noma=Ban/ 2¥ese If this
value is then substituted back into Ed), we see that the This work was supported by NSF-9870258, DOE-DE-
maximum value of the pair creation rate /Bn,zjhypcl Yesc AC03-76SF00098, CIAR and NSERC.
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