PHYSICAL REVIEW B, VOLUME 63, 054519

Quasiparticle dynamics and gap structure in HgBaCa,Cu30g.. 5 investigated
with femtosecond spectroscopy
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Measurements of the temperature dependence of quasip&@ielelynamics in HgBa,CaCu;Og , 5 With
femtosecond time-resolved optical spectroscopy are reported. From the temperature dependence of the ampli-
tude of the photoinduced reflection, the existence of two gaps is deduced, one temperature-denpémjlent
that closes at ., and another temperature-independent “pseudogsf’ The zero-temperature magnitudes of
the two gaps are\ (0)/kgT.=6+0.5 andAP/kgT.=6.4+0.5, respectively. The quasiparticle lifetime is
found to exhibit a divergence 8s— T, from below, which is attributed to the existence of a superconducting
gap that closes &af.. Above T, the relaxation time is longer than expected for metallic relaxation, which is
attributed to the presence of the pseudogap. The QP relaxation time is found to increase significantly at low
temperatures. This behavior is explained assuming that at low temperatures the relaxation of photoexcited
quasiparticles is governed by a biparticle recombination process.

DOI: 10.1103/PhysRevB.63.054519 PACS nuni§er74.25.Dw, 74.25.Jb, 78.4¥p

[. INTRODUCTION niqgue gives direct information about the temperature
dependence of the QP lifetime and thelependence of the
Time-resolved measurements of quasiparticle dynamics igap magnitude. The details of the experimental technique as
cuprate superconductors were shown recently to give signifiwell as the theory describing how the gap magnitude is ob-
cant new information about single-particle excitations andained from the data were described in detail elsewh@re.
the low-energy structure of correlated electron systems such
as highT, superconducting cuprates and charge-density Il. EXPERIMENTAL DETAILS
wave system8.Systematic measurements on %BagO;_ 5
(YBCO) have shown the existence of two simultaneous 9apg;
in the optlma_lly doped and overdopgd regiditayt onl;_/ ON€ " from ac susceptibility measurements. The samples were pre-
(pseudggap in the un_derdpped regidnThe observation of pared in Zuich by a high-gas-pressure syntheis pressure
two energy scales with different temperature dependencesy 10_11 kbar and crystallization temperatures in the range
were in apparent agreement with frequency-domain measurgs gg5 °c< T< 1025 °C), with BaCu@-CuO-Ag,0 eutectic
ments  like  angle-resolved  photoemission  ONmixtyre as a flux. Details of the preparation method are given
Bi,Sr,CaCyOs, 5 (Bi2212,” as well as Raman spectros- in Ref. 10. As a result, platelike single crystals of Hg1223
copy on both YBCO and Bi22121In this paper we report a with c-axis thickness of~10 um and 0.%0.3-mn? area
series of measurements of quasiparticle dynamics owere obtained. Great care was exercised to chose a sample
Hg;Ba,CaCus0g., 5 (Hg1223 with a T, of 120 K and find  that was without inclusions and was as much as possible
some similarities with femtosecond spectroscopy measuresingle phase.
ments on YBCO, but also some differences, particularly the The photoinduced reflectivity measurements were per-
temperature dependence of the quasipartide) lifetime at  formed using a standard pump-probe techniqueith a
low temperatures. Ti:sapphire laser producing 70-fs pulses at approximately
The femtosecond time-resolved pump-probe technique in800 nm (1.5 eV) as the source of both pump and probe
volves the measurement of small photoinduced changes ®ptical pulses. The pump and probe pulses were cross polar-
the optical reflectivity or transmittance of a sample caused byzed with polarizations parallel to the-b plane of the
photoexcitation. After excitation with a high-energy photonsample. The experiments were performed at typical pump-
(1.5 eV), the electrons and holes rapidly relax towards equipulse fluenceS,=1.3 pJ/cn? (taking a typical pump-pulse
librium; they scatter amongst themselves and subsequentBnergy of 0.1 nJ, and a spot diameter-0100 wm). The
with lattice phonons in a process described theoretically byrobe intensity was approximately 100 times lower. Estimat-
Kaganovet al.” and Allen® As the carriers reach low ener- ing that each absorbed photon with enegy 1.5 eV excites
gies, the presence of a gap in the spectrum presents a bottlinp=30-40 quasiparticles Nop=E/2A, where A is the
neck for further relaxation and the QP’s accumulate at thenagnitude of the superconducting gamd taking the optical
band edge, waiting to recombine. A second suitably delayedbsorption length to be approximately 100 nm, we find the
probe laser pulse measures the change in reflectivity of theumber of photogenerated QP’s due to excitation with a
sample by excited-state absorption, with these QP’s occupypump pulse to be of the order of=<3X 10~ 3/unit cell. On
ing initial states of the probe transition. Because the QP dythe other hand, the typical carrier concentration relevant for
namics critically depends on the presence of a gap, the teclsuperconductivity isng=2N(0)A=0.2-0.4/unit cell, where

The samples used in this investigation were single crystals
Hg;Ba,CaCuOg., s With a T, of 120 K as determined
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N(0) is the density of states & . From the ration,./ng
<1072 we can see that we are dealing with weak perturba- 3 & 3 T=70K
tions of the electronic system and therefore the pump-prob@g
experiments are probing the equilibrium properties of the =
system.

Another important experimental detail that needs to be
further discussed is the sample heating, which takes plact
due to excitation of the sample with the train of pump pulses
(the heating due to the probe pulse train can be negledted
general there are two effects that need to be considéred:
transient heating due to absorption of the single pulseiand
steady-state heating, which results in a steady-state temperi
ture increase of the probed aréa this case the train of
pulses separated by 12 ns equals the continuous (W8
laser beam with the same average powkrcan be shown
that in this low photoexcitation regime the transient heating"g
is of the order of 0.1 K and can be neglecté®teady-state o
heating can be quite substantiak{0 K) and should be &
taken into consideratidt* since the temperature of the ~
probed spof ¢ may differ substantially from the temperature
of the cold fingerT ¢, which is directly recorded.

The steady-state temperature increa3e,,=T,— T can
be accurately determined at temperatures close. o sev-
eral ways*'? In the analysis of the data taken on Hg1223
single crystals we used the so-called “scaling” method. .
Namely, in Hg1223 both amplitude and relaxation time of Time [ps]
the phptoinduced pico,second, reflectivity transient show FIG. 1. (a) AR/R taken on Hg1223 at 70 K. The fast rise time is
anoma“_es neaf . associated with the opening of the SUPET-fo|10wed by a picosecond decay. Some long-lived photoinduced
conducting gap.These have thus far _alrel4ady been observedignq) (difference between signal at poift and zero signal, when
in various cuprates near optimal dopitig:“When the data  pump beam is blockecpersists up to 12 nilifference between two
obtained with different average powers of the pump beany,ccessive pump pulsesesulting in a temperature-dependent off-
are systematically compared, anomalies appear at differerkt.(b) AR/R at various temperatures below and ab@ye In these
cold finger temperatures. Since the temperature increase tigices thel dependent background®, is subtracted(lts T depen-
linearly proportional to the power of the pump beam, one cartience is analyzed separatglinset: Real part of the ac susceptibil-
scale the data and determine the temperature increas@ nearity taken on one of the samples, showind aonset at 120 K.
quite accurately. With typical experimental conditions
AT..(T.)=9 K was determined, in close agreement with
the calculation using a heat-diffusion modeBinceAT,,, is
inversely proportional to the thermal conductivigy of the The temperature dependence of amplitydér/R| and
sample, one can estimate the temperature increase in tfiglaxation timerg of the picosecond component in photoin-
whole temperature rangeproviding AT(T.) is known duced reflectivity are shown in Fig. 2. The picosecond com-
and the thermal conductivity data are available. In our analyponent amplitud¢AR/R| is almost constant at low tempera-
sis the thermal conductivity data from Ref. 16 were used. Irtures, followed by a rapid decrease Bsis approached. At
all the presented data, temperature increases due to heatilg there appears to be a break in tfiedependence and
of the probed spot were accounted for, with abat® K  aboveT, the amplitude decreases much more gradually, fall-
uncertainty over the whole temperature range. ing asymptotically to zero at higher temperaturgs. tem-
peratures above 230 K it is difficult to extract the value of
the amplitude of the picosecond relaxation component, be-
cause some very fast sub-100 fs relaxation becomes evident,

In Fig. 1 we show the time dependence of the photoinwhich we attribute to metallic relaxatiéh:'§ It is worth
duced signal at a number of temperatures below and aboveentioning here that the-dependence dAR/R| [Fig. 2(@)]

T.. The time evolution of the photoinduced reflectidR/R shows almost perfect agreement with the data on near-
first shows a rapid rise timf the order of the pump pulse optimally doped YBCJ.?*2

length and a subsequent picosecond decay. These data canTo analyze the temperature dependencAd¥/R| quan-

be fit quite well using a single exponential dedage Fig. 1 titatively, we use the model by Kabanet al,* where the
over the whole temperature range. T-dependence of the photoexcited QP densify was de-

In addition to the picosecond decay, we also observe thaved for different gaps. The model, which was tested also on
ubiquitous near-constant backgrouridyhich has a lifetime  quasi-one-dimensional semiconductog KI00;,* is based
longer than 12 ns. on the relation

R

4
<

A. Amplitude of the picosecond relaxation component

Ill. EXPERIMENTAL RESULTS AND DATA ANALYSIS
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using the analytical expressions connectimg and magni-
T tude andT dependence of the gaip(T), extract the magni-
— 10 ¢ tude andT dependence of the gap.
E e | A(0)k.T =6 In the limit of small photoexcited carrier density., we
2 sk T OIN AT 6.4 can assume that all possible contributions\e/R—arising
z Ble ™ from excited-state absorption or photoinduced band-gap
o changes, for example—are linear in the photoexcited carrier
— 06 densityn,.. For an isotropicT-dependent gap (T), the
Lo temperature dependence of the amplitude of the photoin-
04l . . duced reflectivity AR/R]| is given by
ol EINAL(T)+kgT/2]
1 a |AR/R|ocnpe= ,
i ‘I 21/ 2kBT
0.0 ] . ] L ] ) ] . 1+ e Ac(M/kgT
: 50 100 250 N(0)AQ, Y 7wA(T)
2
L F wheref is the incident energy density of the pump pulse per
. unit cell, v is the effective number of phonon modes inter-
T, acting with the QP’sN(0) is the density of stata®OS) at
% a4l - o Er, and(). is a typical phonon cutoff frequency. A similar
%‘ ' : expression gives the amplitude for an isotropic
¢ X o] P I R T-independent gapP,!
n, L] 100 120
2| L ! TIK]
| b) ' , EIAP
Tl g ; |AR/R|*n/ = : €)
(IR P v
0 1 ) 1 1 1 1 ' 1+ e Ap/kBT
50 100 150 200 250 N(0)A Q)

TIK]
_ _ _ In Fig. 2(@) we fit the temperature dependence|AR/R|
FIG. 2. (@) Amplitude of the picosecond componeftR/R|, fit  \vith the sum of Egs(2) and (3) using »=10, Q.=0.1 eV
with the sum of two component&solid line) given by Eq.(Z? andN(0)=5 eV ! cell" L spin L. It is evident from the plots
(dasheg and Eq(3) (dotted. Values ofA(0) andAP from the fit  y a4 e total amplitudpA R/R| cannot be described by either
are s.hown(_b) The temperature dependence of relaxa_\tlon e component separately. However, assuming the coexistence
Inset: the divergence &t is compared to the N (T), with A (T) S : .
having BCST dependence. of two gaps, one of which i dependent with a BCS-like
temperature dependence and dnimdependent, we can ob-
tain a good fit to the data as shown in Fi¢a)2 The values of
_JR A.(0) andAP obtained from the best fit are#60.5z T, and
= an "per D §2+08T i
A+0.5gT,, respectively.
At this point we should state that a simple prediction for
The above relation is valid ifi, is small with respect to the the case of the-wave gap(gapless DOBcannot account for
number of thermally excited QP’s, which is the case in ourthe observed data. Namely, as soon as we assume that the
experimental configuration, see Refs. 1 and 9. In other worddensity of states is gapless, then after the initial relaxation,
the perturbation is small and hence linear response is suff@P’s would accumulate in the nodal regions and the number
cient. Moreover, it is known that the reflectiviBin high-T,  of photoexcited QP’s can be approximatedrgs=E;/T*,
superconductor$HTSC's) is a very weak function of tem- whereT* is their effective temperature. This means that sub-
perature in that particular energy rande5 eV), as observed linear dependence of the photoinduced signal amplitude as a
experimentally by Holcombet all® using the thermal- function of photoexcitation intensit; should be observed
difference reflectivity data on a variety of high-supercon- in case of gapless density of states. This is due to the tem-
ductors. Therefore we expect that the derivatiRéon taken  perature dependence of the electronic specific heat in case of
in the equilibrium limit (since we are dealing with linear a d-wave superconductor, which goes &,>T2. This
responsgis a weak function off, and in the first approxi- clearly contradicts our experiments, since linear dependence
mation we can consider it to be constant. It should be pointedf photoinduced reflectivity amplitude of; was observed
out that calculation of the constami®/dn is the subject of over a wide range of photoexcitation energies, see Refs. 1
the microscopic theory and probably very model dependentand 20. Moreover, for thd-wave case the modédee Ref. 1
Our approach is more phenomenological and requires onlfor detaily predicts nonexponential relaxation, no anomaly
that 9R/dn is weakly temperature dependent. at T in the relaxation time, and differerit dependence of
From the T dependence of the reflectivity amplitude the picosecond component amplitude, all of which are not
(which is proportional tn,¢) and relaxation time one can, consistent with the data.

AR
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B. Relaxation time

The T dependence ofg obtained by the single exponen- 120
tial decay fit to the data is shown in Fig(k. There are two
noticeable features in the observed temperature dependenc
First, at temperatures above80 K the T dependence is
quite similar to the behavior seen in optimally doped and
overdoped YBCQORefs. 1,2,12and TI2223(Ref. 13. Upon ¢ 80
. . . . (=]
increasing the temperature through, the relaxation time =,
[see inset to Fig. (®)] shows an anomaly. Such an anomaly & eo
is expected to occur in the relaxation time in the presence ol
a gap that closes at,.! NearT, the relaxation is governed 40
by the anharmonic decay time of high-frequency phohons
given by

100 |

A(T=0)k,T, =6 +-0.5
AIKT, = 6.4 +- 0.5

20
hw? In{1[ EI2N(0)A,(0)%+ e Ac(N/keT]L -
Tph: 2 ’ (4) 0F o
12I' JA(T) ) 1 . 1 A 1 A 1 A
50 100 150 200
A(T) being the magnitude of tHE-dependent gapy is the TIK]

phonon frequencytypically =500 cm''), andT,, is the
optical phonon linewidth, typically 10cnt. Near T, Toh
«1/A,(T) as plotted in the inset to Fig.(®). Divergence
below T, is followed by a rapid drop to a lower value, and
aboveT, the relaxation time shows only a wedkdepen-
dence. It needs to be mentioned that abdye 7 is much
longer than expected for metallic relaxatibtf implying the
presence of a pseudogap in the density of states as alrea
observed in YBCQRef. 2 and consistent with the observed

FIG. 3. TheT dependence of the slow component amplit@e
[see Fig. 18], together with the fit using theoretical model for
photoinduced absorption from in-gap localized states, see text.

observed also on YBCQRef. 14 and the quasi-1D-CDW
(charge-density wavesemiconductor K MoO,.* Its life-
%e and T dependence suggested an explanation for the
g-lived signal in terms of in-gap localized statésThe
model gives thél dependence of slow component amplitude

;- dddefgr?;enceer dﬂfaRs/th'.el':t ;?.rgﬁer".i:#rzsk?_ki%\ée_ég?e:;a:t.onfor different T dependencies of the gap. In case the gap is
i » Very xation with su axal mean-field-like, closing &t . the T dependence dP is given
time becomes evident, which we attributed to metallic relax—b 7

ation. At temperatures below 80 K, unlike in YBCO?! 75

shows a strond dependence—increasing rapidly as the tem- QO
perature is decreased. A simil@firdependence has been re- Do\ npe(T) ﬁ
ported also in Bi2212(Ref. 2) and ThLBaCuG;. s o(T)
(TI2201).2 The possible origin of the different low- where n=y7onx 1’ IA(T) is the probability of trapping a
temperature behaviors in various HTSC's will be discusse®)p into a localized stat@,e(T) is the number of photoin-

©)

in the Discussion section. duced QP’s at temperatur® created by each laser pulse
given by Eq.(2), Q. is the phonon cutoff energy, and.(T)
C. The amplitude of the nanosecond component is the T-dependent gap magnitude. In case the §dps T

In Fig. 3 we show theT dependence of the long-lived independent, the model gives

photoinduced signal amplitud® (see Fig. 1L The lifetime \/

Mpe(T)
a[1—(TITY]+T"

appears to be much longer than the distance between two
successive pump laser pulses, so its relaxation time cannot
be measured directly. However, from the comparison of the
amplitude at negative time delays-(L2 ns after photoexci- T<T., a>0, T>T., a=0. (6)
tation) with the photoinduced signal at 100 fhen there is

no picosecond relaxation signal lgfbne can estimate the Here n,’)e is given by Eq.(3) andI" is the T-independent
relaxation time to be of the order of 100 ns or londer. biparticle recombination time present also at temperatures
Indeed, a similar photoinduced signal was observed also oaboveT, sinceAP is T independent. Below ., the presence

the 100us timescalé? which is close to the measurggs  of the condensate may also have an effect on the recombina-
dynamics in the photoinduced absorption of mm waies. tion of localized excitations, which makes the first term pro-
Taken all together it seems we are dealing with glasslikeportional to the square of the order parameter in the
relaxation dynamics with no well-defined timesc&le. denominator’

At low temperatures the signal amplitude increases upon The data(see Fig. 3 show substantial long-lived photo-
increasing temperature, which is contrary to the expectethduced signal present also at temperatures afiQyesug-
behavior due to heatin. At T, the amplitude drops sub- gesting the presence of a gégnd in-gap localized states
stantially followed by a gradual decrease at higher temperaalso at high temperatures, similar to that deduced from the
tures. The nanosecond relaxation component was previouspjicosecond relaxation data, see Fig. 2. We thus fit the data
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with the model” assuming the coexistence of two gaps, arelaxation' which quantitatively described thedependence
T-dependent gap\.(T), and aT independeni{pseuddgap  of QP relaxation in YBCQRef. 1) as well as in the quasi-
AP, with the two contributions to the sign@ given by Eqs. 1D-CDW semiconductor KsMoO; (Ref. 4 over a wide

(5) and(6), respectively. Substituting.(0) andAP from fits ~ range of temperatures. The model assumes that after excita-
to the picosecond decay components into Efjsand(6) we  tion with a high-energy photon, the electrons and holes rap-
obtain the solid line fit in Fig. 3. The two components areidly relax towards equilibrium; they scatter amongst them-
plotted separately by dash¢Hq. (5)] and dotted Eq. (6)]  selves (quasiparticle avalanche multiplication due to
lines, respectively. electron-electron collisionsand subsequently with lattice
phonons reaching states just above the band edge within
<100 fs®"18 The photoexcited QP’s recombine with the
creation of high-frequency phonons withw>2A. High-

The present measurements appear to show very simildrequency phonons, on the other hand, get reabsorbed creat-
two-gap behavior as in overdoped and optimally dopedng new pairs of QP’s, or anharmonically decay into low-
YBCO.? In particular, both show an apparent coexistence ofnergy phonons#{w<2A), which cannot excite new QP’s
two gaps for QP excitations, that is, a pseudoddipcoex-  because of energy conservation. In case the recombination
isting with a collective temperature-dependent gigT) and reabsorption processes are fast compared to the anhar-
that closes al .. Unlike in YBCO, where the two relaxation monic phonon decaftypically a few p$ a near-steady-state
componentgone present also abovie, with T-independent distribution of the QP’s and high-frequency phonons is es-
71, and the other present only & T, with 7, diverging at  tablished on a sub-100-fs timescale, described by common
T.) (Ref. 2 are clearly distinguishable in the decay becausdemperature. The relaxation rate of the photoinduced QPs is
of their very different lifetimes, on Hg1223 the relaxation is then dominated by the energy transfer from high-frequency
well reproduced by single exponential decay. However thgphonons withsw>2A to phonons withh w<2A (Ref. 1)
presence of a picosecond timescale relaxation afigveo-  given by Eq.(4).
gether with an asymptotic decrease|XR/R| at high tem- The assumption that recombination is fast compared to
peratures, suggests similar two-component behavior, witthe anharmonic phonon decay, however, can be violated at
the two relaxation times too close to be resolved. This idow temperatures, when the gap is large and the number of
supported by the fact that the relaxation timeTat T, in  thermally excited QP’s is small. It can lead to a situation
Hg1223 is nearly the same asB& T, (~100 K), whereas When the recombination time becomes longer than the anhar-
in YBCO it is found to be almost an order of magnitude monic phonon decay time. In this case the relaxation time of
lower2 Two such distinct picosecond relaxation componentghe photoexcited QP density is governed by biparticle recom-
with opposite signs were observed also opBB,Ca,Cu;0,,  bination process, and QP’s and high-energy phonons can be
(T12223,12 Bi2212% and TI22013 suggesting that the two- described by quasiequilibrium distribution functions with
component behavior is quite general in hi§h-supercon- different temperature’éqp andTph. (Note that both tempera-
ductors near optimal doping. Furthermore, the two-gap betures are higher than the equilibrium lattice temperaflire
havior is clearly apparent in the slow componefit Which is also the temperature of the low-energy phorfons.
dependence as discussed in the previous section. We note To estimate the temperature dependence of the relaxation
that the apparent similarity in all these HTSC materials istime of photoexcited QP densitgoverned by biparticle re-
very important from the theoretical point of view of univer- combination procegsat low temperatures, we consider the
sality of the low-energy excitations in cuprate superconductkinetic equation for QP’$> The collision integral describing
ors. More specifically, the apparently universal coexistencéhe kinetics of the QP’s has two different terms. The first one
of two componentgtwo gap$ in YBCO, Bi2212, Hg1223, describes inelastic scattering of QRigith creation or ab-
TI2201, and TI2223 appears to impose some quite stringerorption of a phononand the second describes the recombi-
restrictions on the theoretical framework for the solution ofnation(or creation of two QP’s with creatior{or absorption
the highT, problem. of a high-frequency phonori>2A). The ratio of these

The main difference between the data on Hg1223 andwo terms is determined by coherence factors, and when
optimally doped YBCO is in the behavior of the relaxation <Tg, the first term is small as-(T/A)?. In this case the rate
time at low temperatures. While in YBCQyg is almostT  equation for the total density of QP’s(T,p), can be re-
independent at low temperatures, showing only slight up- duced to the equatiofsee also Ref. 26
turn at very low temperaturéd? in Hg1223, 5 increases
significantly upon lowering the temperature fron80 K. A

IV. DISCUSSION

In(Tqp)  8mAAZ

_ 2 )
similar T dependence was observed also in TI22B&f. 3 ot 7O N(0) [N (Tqp) =N (Tpn)]. @)
and Bi2212! suggesting that this low- behavior of 7 is _ ,

not universal. As can be seen from this equation whEg,> T, the relax-

In order to understand the low-temperature behaviarof &tON is nonexponential. On the other hand, wheg,
in Hg1223, and account for the difference in behavior be-=Tph, We can linearize the right-hand side of Hq) to
tween YBCO and Hg1223, we have analyzed the processé¥®tain

governing the relaxation of photoexcited quasiparticles in on(Tyy) 1
more detail. i —[N(Tgp) —n(Tpn 1, ()
We first consider the theoretical model for quasiparticle gt Trec
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20 ; r other hand, the situation is changed and even weak photoex-
: 100 b citation strongly increases,, (and T,,) with respect to the
] equilibrium temperaturd. Assuming that all the absorbed
80 [ energy goes to the quasiparticle system one obtains
15 EgGO i kBquzA(T)/In(ll{SIZN(O)AZ(O)+ exd —A(T)/kgT]})
T (10
S giving T,=T,/2 for the limiting case wheif —0 using the
20F above experimental configuratidrin case the anharmonic
T 10 0 [, phonon decay is faster than the biparticle recombination
S 0 20 40 60 80 100 time, T, is expected to be lower thah,,, expressior(10)

TIK] giving an upper limit forT,,. Since the maifl dependence
of 7.¢¢ [EQ. (9)] comes from exp{/ksT,p), small changes in
Ton bring substantial change in..; therefore this surely is
an important issue. In Fig. 4 we plot E() using two ex-
treme cases: the dotted line represents expresSipwith
Tor=T, whereas the solid line represents E8). whereT ),

is given by Eq.(10) and plotted in inset to Fig. 4. As can be

_________________";;_. _______ = " seen both fits account reasonably well for the data, giving
0 , L e A AlkgT,~2—-4 depending strongly off,,(T). At tempera-
0 50 100 tures below~30 K 7, iS expected to saturate. However at
TIK] a low temperatureT ,, is expected to be substantially higher

fhan Ton leading to nonexponential relaxation. Indeed the

FIG. 4. The relaxation-time data compared to the theoret'cacrossover to nonexponential relaxation was reported at very

predictions. Equatiort4) is plotted by dashed curve, whereas ex- . . 3 .
pression(9) with Tpp=T andT,, given by Eq.(10) is plotted with IO\_N temperatures in Bi221fRef. 2 and .T|2201' Consid-
dotted and solid line, respectively. At temperatures bete@0 K ering that the T dependence ,OfoeC IS governed. by
Eq.(9) is expected to fail, and the relaxation becomes nonexponer€XP@/keTpn), @ crossover from high-temperaturelaxation
tial. Inset: TheT dependence of the high-energy phonon temperal® low-temperaturerecombination picture is expected to

ture Ty, for T,,=T (dotted and T,, given by Eq.(10) (solid). highly depend on the magnitude of the superconducting gap
A. Since the gap value in YBCO, determined from tunneling
with data is lower than that of Bi221@nd Hg1223the crossover

02 is expected to be lower in temperature.
Cc

T, =
¢ 32mNAZTAKgT /2

Here\ is the dimensionless electron-phonon coupling con- We have performed measurements of the temperature de-
stant for HTSC's typically of the order of *.As a result, pendence of quasiparticle dynamics in HgBaCu;Og., 5
Tec Shows an exponential increase at low temperaturesyith femtosecond time-resolved optical spectroscopy. From
whereas the relaxation time of the high-frequency phonons ithe temperature dependence of the amplitude, and the relax-
constant at lowT.* It means that at some temperatufe ation time of the photoinduced reflection, the existence of
<T. we should expect a crossover from high-temperatureawo gaps is deduced, one temperature-dependlgi) that
relaxation behavior nedr,, as described previously in Ref. closes afl ., and a temperature-independent pseudabap
1, to low-temperature recombination that shows different beThe zero-temperature magnitudes of the two gaps obtained
havior and is described by E(P). from the fit to the data, using the theoretical model by Ka-
In Fig. 4 we plot the relaxation time data, together with banov et al! are A((0)/kgT.=6+0.5 and AP/kgT.=6.4
expressiong4) and (9) describing theT dependence of the +0.5, respectively. In addition to the picosecond quasiparti-
relaxation timesr,, and 7., respectively. At temperatures cle relaxation component a long-lived nanosecond compo-
close toT, the divergence in relaxation time; is well re-  nent was observed, whose dynamics is described with the
produced byry,, whereas at temperatures belew/O K 7z model for photoexcited localized in-gap state relaxation.
becomes larger than predicteg, . Unlike in YBCO (Ref. 2 the relaxation of the picosecond
To be able to compare the low-temperature relaxatiortransient is found to be single exponential over the whole
time data on Hg1223 with Eq9), there is an important region, showing a significant increase at low temperatures.
detail that needs further discussion. Namely, the tempera=rom the model analysis we suggest that at low temperatures
turesT,, and T, entering Eqs(7) and(9) depend oril and  the relaxation time is dominated by biparticle recombination
A.rNearT,, when the gap is small, the number of photoex-in this material and find good agreement between the model
cited carriers is small compared to the number of thermallyand the data. The fact that the relaxation times for the
excited QP’'gthe same goes also for densities of high-energypseudogap relaxation and collective-gap relaxation are
phonong, thereforeT,, and T, are very close to the equi- nearly the same in Hg1223, while in YBCO they differ by
librium lattice temperaturdl. At low temperatures, on the almost an order of magnitude still needs to be understood.

exp(A/kgTor).  (9) V. CONCLUSIONS
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