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Quasiparticle relaxation dynamics in superconductors with different gap structures:
Theory and experiments on YBaCu;0,_4
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Photoexcited quasiparticle relaxation dynamics are investigated in aCYBa;_s superconductor as a
function of dopingé and temperaturé& using ultrafast time-resolved optical spectroscopy. A model calculation
is presented that describes the temperature dependence of the photoinduced quasiparticle population
photoinduced transmissioA7/7, and relaxation timer for three different superconducting gap$) a
temperaturetependentollective gap such th&&(T)—0 asT—T,, (ii) a temperaturéadependengap, which
might arise for the case of a superconductor with preformed pairs(iiahdn anisotropide.g.,d-wave gap
with nodes. Comparison of the theory with data of photoinduced transmissi@if|, reflection| AR/R|, and
quasiparticle recombination timein YBa,Cu;O;_ s over a very wide range of doping (615<0.48) is found
to give good quantitative agreement with a temperatigeendentBCS-like isotropic gap near optimum
doping (6<0.1) and a temperatuiiadependentsotropic gap in underdoped YBau;0;_5(0.15< §<0.48).

A pure d-wave gap was found to be inconsistent with the dg$8163-18289)09301-7

I. INTRODUCTION conducting state occurs at, but pairing takes place above
this temperature. In this case the gap is not due to a collec-
Ultrafast optical time-resolved experiments performed ortive effect, but essentially represents the pair-binding energy
high-T. superconductors in recent years have shown that &g and is—to first approximation—temperature indepen-
substantial transient change of the optical transmission oflent. Finally we discuss the case of an anisotropic gap with
reflection can be induced in these materials by ultrashort ladodes, such as one might expect fodavave supercon-
ser pulse photoexcitatiofPE). What makes these studies ductor. In Sec. V we prespnt gcalculatiop of the temperature
particularly interesting is the fact that in optimally doped deépendence of the quasiparticle relaxation rat€ompari-
superconductors whefE, is a maximum, the amplitude of SONS of the theoretical predictions with experimental data are

the observed photoinduced transmission sigael’7| (or made in each case and a detailed discussion is given in
reflection| AR/R|) appears to increase dramatically below Sec. V1.
T..1"*Furthermore, recently it was found that in underdoped
YBa,Cu0;_5(8>0.15), the increase in amplitude could not
be correlated withT., but rather with the so-called  The time-resolved experiments were performed using
“pseudogap” temperaturg™ which increases with increas- 100-fs, 800-nm pulses from a Ti:sapphire laser using single
ing 6.° These observations together suggest rather stronglyigh-frequency modulation of the pump at 200 kHz. The
that the photoinduced effects are related to the opening of ¥Ba,Cu;O;_, thin-film samples were grown on MgO or
gap(or pseudogapin the density of states close to the Fermi SrTiO; substrates and annealed in oxygen to obtain different
energy. For optimally doped cuprate superconductors—o concentrationss. The T, was measured by measuring the
which most experiments were done so far—there has beesic susceptibility in each case. The transition widths, defined
substantial agreement in the literature regarding the experas the temperature whegedrops to 90% of full diamagne-
mental data. However, various groups have proposed venysm, were typically 1-2 K for thes<0.15 and 4—7 K for
different explanations for the observed effécté®and their ~ 5>0.15. The oxygen concentration was determined from
origin has remained controversfal. T., which brings in some uncertainty near optimum doping,
In this paper we present a calculation of the photoinducedince the optimunT for YBa,Cu;O,_5 (YBCO) is 90 K on
optical response in a superconductor for weak excitation an8rTiO; substrates and 89 K on MgO substrates, which is 2—3
compare our results with systematic experimental data oK lower than in single crystals. The typical film thicknesses
YBa,Cu0O;_s as a function ofs and T. We derive expres- were 100-120 nm and all experiments were performed in
sions for the temperature dependence of the photoexcitelansmission through the sample. The typical energy of the
quasiparticle density,. and photoinduced transmission am- laser pulse is 0.2 nJ, and the laser spot size typically 40
plitude |AZ/7] for different possible gapsgor pseudogaps in diameter. In estimating the photoexcited carrier density,
that might be applicable to highz cuprates. The simplest the absorption length was assumed td4$®.1 um. The cw
case considered is that of a gap, whose temperature depemmperature rise of the superconductor film due to laser heat-
dence is mean-field-like and is approximated using a BC3ng was calibrated using a 3@m YBCO superconducting
function. The second case considered is for a temperaturenicrobridge from the same batch and on the same substrate
independent “pseudogap” that is relevant for a superconas in the optical experiments by measuring the change in
ductor where condensation of preformed pairs into a superesistivity with a four-probe contact method. This tempera-

II. EXPERIMENTAL DETAILS
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as BpSr,CaCyOg, 4 and BpSr,CaCuz0;g, x (Ref. 9 from
relaxation-time fits in time-resolved experiments using in-
tense laser pulses. Using the formula of Alféthe e-ph
relaxation time for YBCO has been found to he g,
=TJ/3\(w?)=100fs for initial carrier temperatures
Te=E,/C¢in the range 3000 KRef. § and7,.,,=60 fs for
T.=410 K.° HereE, is the energy density per unit volume

. L . L . L . deposited by the laser puls€, is the electronic specific
10rb) = . heat,\ is a constant that characterizes the electron-phonon

M interaction, and w?) is a mean-square phonon frequenky.

has been determined from these experiments to be in the
range 0.<A<1 both in YBgCuO;, s and
Bi,Sr,CaCyOg, , superconductors. In experiments that we
are considering here*°the laser intensities are significantly

N
o

-AT/T [norm.]

-AT/T [norm.]

0.0 . : smaller, and the photoexcited electronic temperattyds
0 5 10 only few K in excess of the lattice temperature, iB=T,
time [ps] which gives ane-ph relaxation timere.,,=10 fs. Under

_ _ o these near-equilibrium conditions where the carrier tempera-

FIG. 1. The normalized photoinduced transmissibi7 as a  ture is near the lattice temperature, this value9fy, can be
function of time delay for two different samples witt® Tc  compared to the relaxation time determined from infrared
=53 Kand(b) T;=90 K, each at three different temperatures. The efjactivity measurements. For energies of the order of

time evolution of the traces was fittddolid lineg using a model 30-50 meV 4/~ 3000 cm‘1(7~ 16 fs) (Ref. 11 in good

\F/)v:]trk:]papsl:rllsgele exponential decay and a Gaussian temporal promeagreement with the estimateg.ph: 10 fs. In the absence of

a gap in the low-energy density of states, this is the time

) ) _scale of the electron-phonon thermalization.
ture offset was then taken into account in the plots shown in |, ine presence of the gap the situation is strongly modi-

Figs. 1-6. The error in the sample temperature is thus rejeq and a bottleneck in the relaxation occurs after
duced to less thart 2 K. o _ =10 fs. As a result QP’s accumulate near the gap, forming a

The photoinduced transmissiar7/ 7 through two differ-  gnequilibrium distribution. Each photon thus creates 30~40
ept films Wlth T.=90 and 53 K, respectively, is shown in QP's given byE,md24, whereE,,n,=1.5 eV is the laser
Fig. 1 at different temperatures above and belbw There pump photon energy andA2is the energy gap. Because the
are two decay components in each case, a fast componefita| relaxation step across the gap is strongly suppréé&dd
with T"‘O.3_.2 ps, and a longer-lived component with the QP’s together with high-frequency phonofeth 7w
>10 ns, which appears as a nearly flat background already. o A) form a near-steady-state distribution. The QP recom-
discussed e_Ise\{vhefeThe latter will not be analyzed here, pination dynamics of this system is governed by the emission
except that_lt will be tgken into account in th_e fitting proce- gng reabsorption of high-frequency phonons. Phonons with
dure. The time evolution of the traces was fitistlown by 7, <2A do not participate in the direct relaxation of the
the solid lines in Fig. Lusing a model with &ingleexpo-  ops; since in this case the QP final states would lie in the
nential decay and a Gaussian temporal profile pump pulsgan (A quantitative justification for the assumption that
from which the arr_1pl|tu_de of the photoinduced transmissionsnonons play a dominant role in the QP relaxation will be
\A?U’] and relaxation time of the fast componentvas de- given in Sec. V). The basis for these pump-probe experi-
termined. The temperature dependencedl/7] and7de-  ments is that this near-equilibrium QP population can be
rived from the fits are plotted in Figs. 2, 4, and 5 and will beyery effectively probed using excited-state absorption using
discussed together with the theory in the following sectionsg g itable second optical probe pulse, giving direct informa-
tion on QP dynamics and the nature of the gap itself.

Since the probe laser photon enerBy;qp. is typically
well abovethe plasma frequency in highs superconductors,

The initial phase of PE carrier relaxation after absorptionwe make the approximation that the transition probability for
of a pump laser photon proceeds very rapidly. After the lasethe probe light is given by Fermi’'s “golden rule,” with
pulse excites an electron-hole pair, these PE carriers thermagbhotoinduced quasiparticles as initial states and with final
ize among themselves with a characteristic timer@f,  unoccupied states well above the Fermi energy in a band that
~hEg/l2wE?, whereE is the carrier energy measured from lies approximately atto~E,ope- The amplitude of the
the Fermi energyEg . In this thermalization process, quasi- photoinduced absorptioPA) |AA/A| is then proportional
particle avalanche multiplication due to electron-electronto the photoinduced transmissi¢a7/7| (and in the linear
collisions takes place as long as_. is less than the approximation also ttAR/R|) which is in turn proportional
electron-phonon &-ph) relaxation time 7 p,. Electron-  to the number of photoexcited quasiparticigg. The probe
phonon relaxation becomes important when the quasiparticlsignal is thus weighted by the O-Cu charge-transfer dipole
(QP) energy is reduced t&= VAEg/277,.,p;=30-50 meV  matrix element and the joint density of state¥DO9, so
(assuminggr=0.1-0.2 eV).7,.p, has been determined ex- |ATIT|x = npepe|M;;|? wheren,, is the photoexcited carrier
perimentally for the case of a YB@u;0,_;5 (Ref. 8 as well  density, p; is the final density of unoccupied states, and

[Il. INITIAL PHOTOEXCITED CARRIER RELAXATION
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Mi;=(p-A) is the dipole matrix element. Although recent is phonon frequency cut off, anlis the effective number of
experiments on YBZu;0,_ s with different E y, o Show the pho.non' modes per unit cell participating in the relaxgtlon.
existence of a resonance f@i,ope~1.5 €V,' we assume Taking into account thatpe=(ny —ny)<ny and assuming
here that the adiabatic approximation can be applied, so tH&atnt=2N(0)kgT exp(—A/kgT), the number of photoge-

photoinduced carriers do not cause any changs ior M;; .~ herated quasiparticles at temperatilires given by

In this case the effect of the 1.5-eV resonance is to signifi- 1A

cantly enhance the sensitivity of the probe. Npe= > : (4)
1+ N(Tﬁﬂcexp[ — A/kBT]

IV. TEMPERATURE DEPENDENCE

OF THE QUASIPARTICLE DENSITY For the case of a temperature-dependent §ép), Eq. (3)

will be slightly modified:
A. Isotropic gap

In discussing the theoretical explanation for the observed (np—ng)+ 70N OVZ AT (ni,—n%)
effects, it is important to make the distinction between ex- cN(0)*7A(T)
periments(i) in which the photoexcited charge carrier den- X (A(T)+kgT/2) =6, (5)

sity is substantially less than the normal-state carrier density

Npe<Nc SO the laser makes only a weak perturbation on theVe approximateny=2N(0)y7A(T)ksT/2 ex—A(T)/T]
superconductdr*® and (ii) those wheren,e~n, and photo-  (Ref. 13 with kgT<A, resulting in a slightly modified ex-
excitation is sufficiently strong to close the superconductingoression fompe:ls

gap?® Whereas for the latter cag@), a theoretical descrip-

tion was proposed by Mazfhso far there has been no the- no— E1(ACT) +kgT/2) 6)
oretical calculation for the photoinduced effects in a super- pe 24 [ 2ksT '
conductor for the case of weak photoexcitatih The 1+ exd —A(T)/kgT]
number of photogenerated quasiparticles in low-excitation N(0)A 7A(T)

density experiments if1,,=3x 10 3/unit cel.*** On the
other hand, the typical quasiparticle concentration in a high
T. superconductor is ng=2N(0)A=0.2—0.4/unit cell,
whereN(0) is the density of states &. The number of
photoexcited QP’s is small compared to the normal stat
densityn,e/ny= 102, so the weak photoexcitation approxi-
mation is clearly justified and the photoexcited quasiparticle
make only a small perturbation of the distribution functions.
Assuming that the energy gap is more or less isotrgpa@
nodes, we can approximate nonequilibrium phonom,()

and quasiparticlef() distribution functions as follow’?

. We note that in Eqsi4) and (6), the explicit form ofn,
(and hence als¢A A/ A| or |A7IT]) depends only on the
ratiokgT/A, showing that the intensity of the photoresponse
is a universal function okgT/A as long as the particular
unctional form of the temperature depended) is the
ame. Another important feature of expressi@Ghsand(6) is

hat atT=0,n,.*x1/A(0), which allows a determination of
A(0), as long as the experimental parameters required to cal-
culate&, are recorded sufficiently precisely.

Since the decay of each phonon involves the creation of

two quasiparticles, the number of high-frequency phonons is
proportional to the square of the number of quasiparticles

p
ﬁ;, hiwg<2A n%, at temperaturd’. (Taking into account conservation of
ex;{ ﬂ) -1 energy'* at higher pulse energies when, becomes large,

kgT we expect a crossover of the photoresponse from a linear
an=< 1 (1) dependence on laser poweg.x| to a square-root depen-
TTho  heg>2A dencen,e= /I at very high intensities.
exp(k Tq’) -1 To enable comparison of the temperature dependences
\ B

of the photoinduced transmission given by E@b.and (6)
with experiments, we have plotted them as a function of
f = 1 ) temperature in Figs.(B) and Zc), respectively. The values
€ € 1’ for the constants for YB&£u0,_s are »=10-20, N(0)
ex keT’ + =25-5eVispintcell ™ Q.=0.1eV. At low tempera-
whereT is the lattice temperature arfd is the temperature tUresny, is essentiallyT independent in both cases, falling
of quasiparticles and high-frequency phonons with,, off at higher temperatures. However, from the figure it is
>2A. clear that the high-temperature behavior is quite different in
We can calculate,, using Egs(1) and (2) and by con- the two cases. In the case of thedependent gafFig. 2c)],
sidering the conservation of energy. Assumigs tempera-  the decrease ifA7/7] is much more pronounced and starts
ture independentind large in comparison , the conser- quite close tolc at T/T.~0.8 dropping to zerat T¢. In the

vation of energy has the following form: temperature-independent gap c4se. 2b)], the photoin-
A duced transmission starts to drop at much lower temperatures
14

, =&. 3 near T/T*~0.4, dropping exponentially at high tempera-
27 QN(0)KgT' tures. Also, a notable prediction of Eq6) for the
Heren+, ,ng is the number of thermally excited quasiparti- T-dependent gap is a small peak nd@df.~0.7, which is

cles per unit cell a'’ andT, respectively£, is the energy not present in the case of a temperature-independent gap for-
density per unit cell deposited by the incident laser pulse, mula(4).

(nr/—np)A+(nZ,—n2)
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FIG. 3. TheT dependence dfA7/'T| for a near optimally doped
sample T.=89 K) for three different laser intensities. The data
have been normalized with respect to the energy density per unit
volume deposited by the laser pulge. The inset shows low-
= temperaturd AZ/'7| vs &, where|A7/7| scales linearly with,
and&,=8x10"° eV cell"* spin%.

posed on the prediction for thé-dependent BCS-like gap

FIG. 2. (a) The photoinduced transmission amplitdeZ/7] in  [Eq. (6)] in Fig. 2(c). In this case also, the fit is seen to be
YBa,CwO;_; as a function of temperature for three differeit  good, including the small maximum &/T.~0.7. This
for 6=0.48 (open squargs 6=0.18 (solid triangles and  maximum is particularly well observed in the data by Han
6=0.1 (open circles (b) The solid line is a plot of the photoin- gt a1 and by Mihailovicet al.® although it is not evident in
duced transmission amplitude as a function of temperature for gna data of Stevenst al?
temperature-independept gap using expressihnas a function The experimental data thus appear to scale amte of
of T/T*. The data points are for underdoped samples wth o 1\ theoretical curves, the near optimally doped
(=00é1n8 ;’;’I'g:] Tk;; 7;:K0 ;T"Svitt;'a?gf% ’IS: (()S‘Zﬁ dWI(t:?rc-ll-é; 6;:; YBa,Cu0,_ s data (5<0.1) agreeing very well with E(6)

P 9 ' N ’ derived for a temperature-dependent gap, while the under-

6=0.48 with T,=48 K (open squargsrespectively(c) The solid . : .
line is the calculated photoinduced transmission amplitude from E dOped data §>0.15) fit expressiort4) for a T-independent

(6) for a temperature-dependent gap as a function of normalize§2P- The fact thé_‘t th_e underdqped sample da’_[a scale onto one
temperatureT/T, and data for the near optimally doped samplesUniversal curve in Fig. @), while the near optimally doped
5~0.1 (T,=90 K) from Mihailovic et al. (Ref. 5 (open circle§ data_ scale onto the curve in Figcp, is a consequence of the
Stevenst al. (Ref. 4 (open squargsand Haret al. (Ref. 1) (solid  Scaling properties of Eq¢4) and (6) and is a rather remark-
triangles. Note: the original data points of Ref. 1 were shifted by 7 able confirmation of the theoretical model by the experiment.
K in temperature. The solid lines ifa) are fits with Eq.(4) for ~ From the fits of the underdoped sample data, we obtain gap
5=0.48 ands=0.18 and Eq(6) for 5§=0.1. values of 2A=(5+1)kgT* for underdoped samples and
) ) 2A=(9+1)kgT, for the near optimally doped samples, the

In Fig. 2(2) we have plotted the data for the photoinducediatier in good agreement with other optical experiméhts.
transmission amplitude for YB&wO,_ 5 as a function of Further confirmation of the model comes from the pre-
temperature for three differest Both the magnitude and the icted linear intensity dependence in E¢s.and(6). In Fig.
temperature depende_nce are seen to be strpngly doping dg+ye plot theT dependence diA7/7] for a near optimally
pendent. For comparison with theory, superimposed on th@oped sample .=89 K) for three different pump intensi-
theoretical curves in Figs.(B) and 2c) we have plotted the o5 The data are seen to scale linearly with intensity as
normalized photoinduced reflectivity and transmission datapown by the insert wher§ is changed over one order of
for YBa,Cus07.; with different 6. The data for a number of agnitude. (Unfortunately, measurements over a larger

underdoped sampledn the range 0.15 6<0.48 have been range of intensities were not possible because of steady-state
scaled onto a common temperature scale as suggested Ryer heating.

formula (4) and plotted as a function of/T* in Fig. 2(b).
T* is defined as the point where the amplitude of signal
|A717T| drops to some fixed valugor example to 5% of the
maximum valug¢ The data can be seen to fit the theoretical If the gap is anisotropic and contains nodes on the Fermi
curve remarkably well. surface—such as fat-wave or strongly anisotropis-wave

For near optimally doped YBEu;O,_5 (6<0.1) the data  pairing—there is no clear gap in the spectrum. Nevertheless,
are scaled byT, and are plotted as a function of reducedthe quasiparticle DOS still has a strong energy dependence
temperaturel/T.. However, this time the data are superim- and a separation of low- and high-energy quasiparticles still

B. Anisotropic gap with nodes



PRB 59 QUASIPARTICLE RELAXATION DYNAMICS IN . .. 1501

exists, albeit less pronounced than in the isotropic case. For
an anisotropic gap with nodes we can approximate the qua-
siparticle DOS as a function of energyas
e \7
) (e<Aa), (7)

N(s>=N<0>(A—

whereA, is a characteristic energy scale separating the low-
and high-energy QP’s, and the exponentlepends on the
topology of the nodes on the Fermi surface. For a two-
dimensional Fermi surfacéwith nodes =1, while for a
three-dimensional casg=2.

Using Eq.(7) we can estimate the average energy accu-
mulated by quasiparticles after each laser pulse:

AE=2FN(0)(kgT'("*2) —kgT7*2)/AI=¢,, (8

oo X7l+l

=], saorat © ,
F=1.80 for p=1, andF=5.68 for »=2, andT’ andT are /T, (or TIT)
the QP temperature and lattice temperatures, respectively. At
low temperatures, the phonon contribution to the total energy FIG. 4. A plot of the temperature dependence of the photoin-
is exponentially smallEq. (8)] and can be neglected. In this duced transmission amplitudee., PE carrier densiyfor a pure
case, the high- and low-energy phonons are separated by 8rivave gap[Eq. (12)]. The solid line is for a three-dimensional
energy scale of the order &,. (Note that in general\, case, while the dashed line is for a two-dimensional case using the
scales with the gap, but is not equal to the amplitude of th&ame parametersThe ordinate scale is the same for both curves.

1
1
i
]
]
[l
|
'
]
[}
'
\
1
1
'
1
[}

- [AT/T| [normalized]
3
e
Hed

gap) The datasymbolg exhibit qualitatively different behavior than pre-
Solving Eq.(8) with respect to the QP temperatuFé we dicted by thgd-wave model, |rre§pec_tlve of doping The data
. were scaled in the same way as in Fig. 2. The open squares repre-

obtain . )

£A Un+2) sent data for5>0.15 while the solid squares are f610.1.

18a
r— + (7+2) .
ZFN(O) kBT (10) 2G N(O) EI A;} (p+1)(n+2)
The number of thermally excited quasiparticles is determined  n,.= A7 (ZFN(O)) —kg T,
by the equation a
nr=2GN(0)kg T 7" V/AY7, (11

A feature of thed-wave model, which is particularly impor-

whereG is given by the Eq(9), except thaty+1 is replaced tant for comparison with experiment, is the peculiar sublin-

by 7, soG=0.82 for =1 andG=1.80 for »=2. Combin- - ; ; :
) , . . ear behavior of n,, with laser pump intensityn
ing the two equation&l0) and(11), we derive the following " c.(;+1)i(y+2) 4 IOV\’/)etemperatures. Il: thg high—tem{)e?;ture

equation for the number of photogenerated quasiparticles ahsmi'é on the other hand we can expand the term in brackets to

a function of temperature: . . . .
P obtain a crossover to linear behavior, with a temperature-

2GN(0)kgT(7* 1) dependent slope:
n =
pe A;]
Npe=2G— —.
X 1+SI—A;] 7]+l/7]+2_1 12) pe kBT 7]+2
2FN(0)kgT 772 -

It should be pointed out that in the high-temperature limit,

The expression for the photoinduced carrier dengfyg.  the phonon contribution should become increasingly impor-
(12)] is plotted in Fig. 4 with=2 (solid line) and the same  tant and the decrease of the number of photogenerated QP
values ofN(0) and¢, as before. Instead of an exponential will eventually become exponential, just as in the case of an
falloff with increasing temperature, the photoexcited quasiisotropic gap.
particle number decreases rapidly well beldw according The data for the temperature dependence of the induced
to a power law. In the two-dimensional case wijk=1 (and  transmission for underdoped and optimally doped
the same parametgyshe temperature dependence is shownyBa,Cu,0,_ 5 are also plotted in Fig. 4, superimposed with
by the dashed line in Fig. 4 and differs only at the lowestthe predicted response for thewave case. Clearly the
temperatures. Using &-dependent gage.g., of BCS form  T-dependence data cannot be described usimgra d-wave
in Eq. (12), the curve forny, is virtually indistinguishable  gap irrespective of dimensionality or the form of temperature
from the case wherd is temperature independent. The dependence oA(T) [Eq. (12)]. The linear intensity depen-
reason for this is that the effect of tliedependent gap is dence shown in Fig. 3 is consistent with this observation, and
only important asT— T, but theren, is already small. is also not consistent with d-wave gap, which predicts a

At low temperatures we can neglect the 1 in the largesublinear response. We note that although the data appar-
parentheses and obtain ently exclude the possibility of pure dwave gap in under-
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doped and near optimally doped YBCO, it does not entirely\,\,ql]qz is the anharmonic coupling constant ang is the

rule out a mixed symmetry gap with sondewave admix-
ture.

V. THE QUASIPARTICLE RELAXATION RATES

As discussed in Sec. lll, the relaxation rate of the photo
induced QP’s is dominated by the energy transfer from high
frequency phonons withhw>2A to phonons with%w
<2A. To describe the relaxation of nonequilibrium quasi-
particles in this case we consider the kinetic equation fo
phonons, taking into account phonon-phonon scattéfing:

an,,

Wzlph-ph{nw}! (15

where phonon-phonon scattering integral has the form

Iph—ph{nw}zzw E |Wq1,q2|2{% [(nw+ 1)nwlnw2
d1.92
_nw(nwl+1)(nw2+ 1)]5(0)_0)1_0)2)
+[(nw+1)(n(ul+l)nw2_nwnwl

X(nw2+1)]5(w2—w—w1)}. (16)

) 2A
wa ph_ph{nw}= 2TW fo

>

(wg=<24)

wp(w)dwf {z[(n,+

+[(nw+ 1)(nwl+1)nw+wr_

Herep(w)=3vw2/Q§ is the phonon density of states in the
Debye approximation. We restrict ourselves to a discussio
of the relatively high temperature limit where the phonon
distribution function can be replaced byT/Zw. The en-
ergy accumulated by the phonons witly <2A is

8 VkBTAS

(7Qe)°

E_ (19

24
f n,p(w)hiodo=
0

In the integral Eq(18) the first term is equal to 0 because
it has only phonon distribution functions withw<<2A. The

first nonzero contribution describes the decay of the phonon

with Ziw>2A to two phonons withhw<<2A:

|

13

) 3v
Ilz 1_27TW

3
(m—)s) KaT(T'=T)(24)".  (20)

n,n

phonon distribution function(Conservation of the phonon
momentum is not relevant because of umklapp scattgring.
We neglect theslectron-phonorscattering integral because
at normal temperatures the relative contribution of quasipar-
ticles to the relaxation of phonons is small due to the rela-
tively small number of quasiparticles compared to the
phononsN(0)(Q.<wv. Electron-phonon collisions can play
an important role only at temperatur€s<T,. but since—as
rshown in the previous sectionfy, is nearly constant at low
temperature;T’ cannot be small. The distribution function
Eq. (1) reduces to 0 the parts of the collision integral Eq.
(16) that describe the scattering of high- and low-frequency
phonons separately. Only the part of the collision integral
that does not conserve the number of phonons with2A
differs from zero.

To estimate the relaxation time, we multiply E45) by
oq and sum overq, satisfying the condition €w,
<2A(T):

JE.

ra (an

Aoyl phoNgt-
q(wq<2A) q'ph ph{ w}
If we suppose that the coupling constant is momentum

independentv,, ¢, =w, then

1)nw’nw—w’_nw(nw'+1)(nw—m’+1)]p(w,)p(w_w,)
o (NpioT1)]p(0)plo+w)}do'. (189
[
~8 2 3v 3k2 ’ ’ A4
n |2—§’7TW W BT (T —T) . (21)

Equation(21) shows that the inelastic scattering of high-
frequency phonons is dominant in the energy relaxation of
the energy ifA<#(); and we can negledt, .

Taking into account Eqg17) and (19)—(21) we obtain
expressions describing the relaxation of the equilibrated QP-
phonon temperature:

m_ 1 T-T 22

E—a( -1, (22
1 9w wW?kgT'A(T)

= (23

Ton (80)°

Note that Eq(22) is rather similar to that derived by Alléf
for the temperature relaxation in the electron-phonon system

The second contribution describes the inelastic scatteringn the normal metals, except that E§2) describes the pho-

of a high-frequency phonon with creation of one low-
frequency phonon witlw <2A:

non energy relaxation modified by the gap in the quasiparti-
cle spectrum.
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The phonon-phonon relaxation tifiEq. (23)] can be ex- =9kgT.) from the fits in Fig. Zc), the same values of
pressed in terms of an experimental parameter, namely, thg(0)=2.2—5 eV ! cell ' spin ! as in Sec. Ill, and a BCS
Raman phonon linewidtk',,. Using Fermi’s “golden rule”  function for A(T). & was again calculated using an incident

we can calculatd’,, for kgT<% w: laser energy of 0.2 nJ incident on a 100-nm-thick film with a
spot size of~100 um diameter. We obtain a temperature
I,=2mw? z (n +1)(n +1) dependence of the relaxation timg, as shown in Fig. 5. A
Q' “=q. comparison of the theory with the data for optimally doped
YBa,Cu,0;_ 5 sample$® in Fig. 5 shows good agreement
X 6(wg,Tw_q, — ) with the theory? with no adjustable parametergspecially

nearT.. Some experimental data in the literatt#&show an
upturn in relaxation time at low temperatures, which is also
weakly present in the data in Fig. 5. Although E@8) is
derived for temperatures close 7@, an upturn at low tem-
The phonon relaxation rate can thus be expressed in ternfgrature can still be reproduced by this formula if we reduce

3’7TW2 2 2

T 29

of I',, in the following form: the energy per pulsé, . [In fact in the limit of £—0, Eq.
(28) gives 7,,< /T at low T.] Indeed by setting; /N(0) in

1 12U kgT'A(T) Eq. (28) as an adjustable parameter, rather than inserting

a o hw? ' 5 fixed values as we have done, the low-temperature upturn in

the data can be reproduced more accurately.

For a temperature-dependent gipthe relaxation time is To end this section we briefly make a quantitative com-
expected to show a divergeneg,=1/A(T) as is indeed ob- parison of the relaxation rates for a gapped and gapless ma-
served in optimally doped cuprate$®® A similar diver-  terial. Comparing the relaxation time for the case of a gapped
gence of the relaxation time has been calculated previouslgnaterial with relaxation time in a normal metal described by
by Schmidt and Schd® and Tinkham and Clark albeit for  the formula of Allert® we obtain
somewhat differently created nonequilibrium situations.

The typical relaxation time scate,, given by Eq.(25) is Toh M Bw?
very close to the expgnmentally observed values. Fr_om the Teph 4m(kgT)2AT
data on the Raman linewidth of th&, -symmetry apical
O(4) phonon mode in YBCO, Wthh has been shown Jo beinserting experimental values for andT",, we find the an-

(29

particularly anharmonid’ ,~13 cm- andw 400 cmt harmonic phonon decay time in a superconductor to be ap-
At T'=T=T2, and usingAr ;,~200 cn * we ObtalnTph proximately two orders of magnitudgower than electron-
=0.8 ps. phonon relaxation in a gapless material &g,/ 7e.pn

At low temperatures the quasiparticle temperatlifeis =~ ~60—-200 forT=T. as expected.
much higher than the lattice temperatiirand the formula is The calculation was performed assuming that the rate lim-

expected to fail. However, from the experime(fsg. 2) we  iting step for QP relaxation is anharmonic decay of high-
see from the temperature dependence|&f/7| that the energy phonons, while direct electron phonon relaxation was
number of photogenerated quasiparticles is nearly constant at

low T. T’ can therefore be estimated from the equation 6

nTr_nT:€| /A(O) (26)

Taking into account thah+=2N(0)A(0)exd —A(T)/kgT]
we obtain

keT' =A(T)/IN(LAE2N(0)A(0)2+exd] — A(T)/kgTT}).
(27

7 [ps]

At low T, the nonequilibrium temperatureT’
=A(T)/In{2N(0)A(0)%E}=T2, while in the high- 2
temperature limit, the exponent in the logarithm becomes
large andT’=T. Combining Eq(25) and Eq.(27) we obtain
an expression for the QP relaxation time as a function of
lattice temperaturd and photoexcitation energg, that is

valid for all temperatures @ T<T,: 00 02 04 06 08 10 12 14
TIT,
1 121 ,A(T)?
a  fiw?In(LKE2N(0)A(0)2+ exr — A(T)/kgT]}) FIG. 5. The relaxation time as a function of temperature for a

(28 temperature-dependent géRg. (28)]. The data are for the near
optimally doped sampleé~0.1 (T,=90 K) from Hanet al. (Ref.
To enable comparison of this formula with experiments,1) (full circles) and Mihailovicet al. (Ref. 5 (open circles Note:
we again use Raman data on high-frequency optical phonothe data points of Haet al. (Ref. 1) were shifted i 7 K in tem-
linewidths, a value of gap frequency of 200chi2A perature.
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assumed to be small. This is now justified quantitatively by a
calculation of the direct electron-phonon relaxation rate. The
contribution of phonon-electron scattering to the relaxation
of phonon system can be estimated by deriving the corre-
sponding relaxation ratel‘1 using the usual electron-phonon 300 |

400 -

collision integral(see Appendix <
T~
i: WN(O))\A(T)QC. (30 g 200 L T
T 2v Lo !
We see that the electron-phonon relaxation rate, when com- + %‘_{
pared to the phonon relaxation rate, is reduced by the factor 100

N(0)r Q. /v<1: /Q/K_QD/E/MD\

2 2

Ton  ThN(O)N 0 Q¢ L . . .

240 kgT’ <1 (3D) 05 0a 05 0z o1 o
&

and can therefore be neglected. However if the number of

phonon mode; involved in the relaxat.ion is ;ignificantly FIG. 6. T, (open squarésand T* (solid squaresas a function
smaller, the rat'o"ph/?'l_ may approach un't_V' In this case the of 8. T* is defined as the point where the amplitude of signal
electron-phonon collisions can also contribute to the phonop 777| drops to 5% of maximum of th@-dependent signalthe

relaxation. However, the temperature dependence of the re-independent contribution, which is assumed to be due to Allen
laxation rate 1#, is very similar to the anharmonic relax- relaxation is subtracted

ation 7,,, both being proportional t&(T) and so the two

contributions to the relaxation may be difficult to separatecharacteristic fashion, following the so-called “pseudogap”
experimentally. The data shown in Fig. 5 are fittg, with- ~ behavior reported by other experimental technicfies’
out any fitting parameters, so it appears to be reasonable fgear optimum doping, the “pseudogap” becomes observ-
assume that anharmonic relaxation described by E2. able close tdl.. Such a situation occurs in BCS supercon-

and(28) is dominant in YBaCu;O,_ s near optimum doping.  ductors where gap formation is a collective effect and Coo-
per pairs form simultaneously with the formation of a phase
VI. DISCUSSION coherent collective state & . However, from Fig. &) and
Fig. 3 there is some evidence of remaining QP excitations
Near optimum doping in YB&u;0;_5(6<0.1) we find  above T, even near §~0.1. The T-independent
that the theoretical model gives a good quantitative fit to the‘pseudogap” thus appears to be still present near optimum
temperature dependence of the photoinduced transmissi@ibping, and the BCS case is not quite realized.
[Fig. 2c)], provided we use a temperature-dependent gap The underdoped state is distinctly different, with a
[Eg. (6)]. The relatively square shape of the temperature deT-independent normal-state pseudogap appearingl*at
pendence ofA7/7], the weak maximum neaf/T;=0.7,  >T_. The changes in the photoinduced transmis&io# 7|
and the rapid drop in the signal amplitude above this temat T* in this case are simply a result of an increased popu-
perature are a consequence of the particular temperature dation of pairs with decreasing temperature. Since the ob-
pendence of the gap with the property the(T)—0 asT  served changes iA7/7| are associated only with pairing
—T¢. In underdoped YBCO on the other haffeig. 2b)],  and not phase coheren¢ehich occurs afT), we see no
the temperature dependence is much weaker and can only bRange in|A7/7| at T, in agreement with predictions of
reproduced by the calculation using a temperaturepreformed pairing models of the underdoped staté.The
independent gafEq. (4)]. It is not possibleto reproduce the pseudogap in this case signifies the pair-binding energy, and
temperature dependence of the optimally doped data usingig value is determined by the microscopic pairing mecha-
temperature-independent gap, and vice versa, it is not posism. It is to first approximation temperature independent
sible to describe the underdoped data witfT-@lependent and decreases with an inverse law with increasing carrier
BCS-like gap** concentration, which is consistent with increased semiclassi-
A similar conclusion regarding the evolution of the gap cal (Debye-Hicke) screening between charge carriéts.
with doping is reached on the basis of the comparison of the ' Since the temperature dependencd &%/7] is actually
calculated temperature dependence of the relaxation time exponential at high temperaturgsq. (4)], it is more appro-
with the data. The divergence at shown in Fig. 5 for  priate to discuss the doping dependence of the magnitude of
samples near optimum doping together with the temperaturghe energy gap rather than off*. This avoids the some-
dependence ofA7/7| lead to the inescapable conclusion what arbitrary criterion for determining* of an asymptotic
that there is a gap in YB&u;0;_ s with (6~0.1) that closes  function. Such a plot oA versus dopingis shown in Fig. 7.
rapidly atT.. On the other hand, the notaldbsenceof this  As predicted on the basis of screening arguments afve,
divergence ofr for underdoped YB#u;0; 5(6>0.15) appears to follow an inverse laec 1/x, wherex=0.6—§ is
(Ref. 5 is consistent with the existence offaindependent proportional to the carrier concentration.
gap deduced from the temperature dependendd Bf7]. The doping dependence df can be independently con-
Plotting the temperatur&é* andT, as a function of§ in firmed from the same data set by plotting the low-
Fig. 6, we find thatT* drops with increasing doping in a temperature value diA7/7] as a function ofs. As can be
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O content We conclude by noting that the comparison of the theo-
64 65 66 67 68 69 70 retically predicted temperature dependence of the photoin-
— T T T T T duced absorption signal amplitudad relaxation timer with
14001 the experimental results on underdoped and optimally doped
L YBa,Cu;0;_ 5 gives goodquantitativeagreement. The evo-
1200 lution of the gap from a temperature-independéanto a

\ temperature-dependent collective gafT) is a particularly

1000 Y striking feature of the data as is the apparent inverse depen-
' dence of the gap magnitude with doping. Although the
% % model calculation presented in this paper was performed

800 -

Ak, [K]

with the superconducting cuprates in mind, it is quite general
I and can, for example, also be applied to a case of photoex-
600 - = citation experiments on charge density-wa@®W) systems
L E - or narrow-gap semiconductors. It could also be extended for
other nonequilibrium situations as might occur in nonequi-
librium superconducting high devices for example.

400 -

200 L 1 . | 2 | 1 1 . | 2
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A1/ behavior. . .
To estimate the electron-phonon relaxation rate we take

into account the electron-phonon collision intedral:
seen from formulag4) and (6), the value of|AZ/7] at T

=0 is proportional to & /A, from which the zero-

temperature gap\r_, can be determined. A scaled plot of I ph-elNo} = _4772k My |2 Fi(1—Fi)ng
1|ATIT|+_o as a function of doping’ in Fig. 7 indepen-
dently confirms the inverse relatiakec1/(0.6— 6). We note —f(L=F)(ng+ 1) ]0(ex— € + wg).

that the observation of an inverse law is in agreement with
recent experiments on kLa,Sr,Cu0,,**3! suggesting that it M., is electron-phonon coupling constant ang, f, are
may be a universal feature of the cuprates. phonon and electron distribution functions.

A somewhat surprising feature of the data is that they are  Note that we neglect coherence factors in the electron-
described so well by an isotropic gap over the whole range ofhonon collision integral. This is a reasonable approximation
doping. Ad-wave gap is apparently not consistent with ei- for the BCS case if the characteristic energy of quasiparticles
ther the temperature dependenceg®f/7] or the linear in-  is large in comparison with the gap>A. For underdoped
tensity dependence ¢A7/7]. It is also not consistent with case also, the normal-state gap is temperature independent
the observation of a single exponential decayAGi 7 with  and hence coherence factors are equal to 0. It is easy to show
time, since in thed-wave case we would expect a distribu- that the collision integrals satisfy the conservation energy
tion of s, and certainly no single divergence ofat T, law:1°
should be observed in ttetwave case. A possible explana-
tion for the absence of d-wave signature is that in YBCO af
the gap in the bulk of the sample is more or less isotropic in 2>, GK(E
contrast to the surface, where it may be mdrke.*? An- K
other possibility for the apparent discrepancy between the L i
present optical data and, for example, Raman experifients To calculate electron-phonon coI_I|S|O£1 integral we define
are the different weights that the matrix elements have in théh€ “electron-phonon spectral functiond“F:
probing process. In the present experiments the dipole
transition-matrix elements average over the whole Fermi sur-
face (FS weighted by areas of large electron momentum.
Anisotropy of the FS is not emphasized in this case. This is
different than in Raman measurements, where the electronic X o€ —€').
scattering intensity is zero for an isotropic parabolic band,
and Raman intensity comes only from the anisotropic re- Following Allen!® we suppose thata’F(e,e’,Q)
gions of the FS. =a’F(ep, e, Q) =a’F(Q). For the sake of simplicity we

on,
+% wq(T) =0

2
o*F (e, 0)= gy 2 Mi[*8(wg—Q)se—e)
K.k’
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make the Debye approximation for the electron-phonon The integral Eq(Al) can be easily evaluated:
spectral function®F (Q) =\Q%/ Q2.

4kgN(0)NA*

2A
> wae_ph{nw}Z—Zﬂ'N(O)f Qa?F(Q)dQ _ CTEeEIAA
0 3 hZQ%

d(wg=24) (T'=T). (A2)

xfw{me)—f(em)]ng
A

Formula(A2) leads to Eq(30) for electron-phonon relax-
—f(e+Q)[1—f(e)]}de. (A1) ationrate.
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