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Quasiparticle relaxation dynamics in superconductors with different gap structures:
Theory and experiments on YBa2Cu3O72d

V. V. Kabanov, J. Demsar, B. Podobnik, and D. Mihailovic
Jozef Stefan Institute, Jamova 39, Ljubljana, Slovenia

~Received 11 February 1998; revised manuscript received 24 June 1998!

Photoexcited quasiparticle relaxation dynamics are investigated in a YBa2Cu3O72d superconductor as a
function of dopingd and temperatureT using ultrafast time-resolved optical spectroscopy. A model calculation
is presented that describes the temperature dependence of the photoinduced quasiparticle populationnpe ,
photoinduced transmissionDT/T, and relaxation timet for three different superconducting gaps:~i! a
temperature-dependentcollective gap such thatD(T)→0 asT→Tc , ~ii ! a temperature-independentgap, which
might arise for the case of a superconductor with preformed pairs, and~iii ! an anisotropic~e.g.,d-wave! gap
with nodes. Comparison of the theory with data of photoinduced transmissionuDT/T u, reflectionuDR/Ru, and
quasiparticle recombination timet in YBa2Cu3O72d over a very wide range of doping (0.1,d,0.48) is found
to give good quantitative agreement with a temperature-dependentBCS-like isotropic gap near optimum
doping (d,0.1) and a temperature-independentisotropic gap in underdoped YBa2Cu3O72d (0.15,d,0.48).
A pure d-wave gap was found to be inconsistent with the data.@S0163-1829~99!09301-7#
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I. INTRODUCTION

Ultrafast optical time-resolved experiments performed
high-Tc superconductors in recent years have shown th
substantial transient change of the optical transmission
reflection can be induced in these materials by ultrashor
ser pulse photoexcitation~PE!. What makes these studie
particularly interesting is the fact that in optimally dope
superconductors whereTc is a maximum, the amplitude o
the observed photoinduced transmission signaluDT/T u ~or
reflection uDR/Ru) appears to increase dramatically belo
Tc .1–4 Furthermore, recently it was found that in underdop
YBa2Cu3O72d (d.0.15), the increase in amplitude could n
be correlated with Tc , but rather with the so-called
‘‘pseudogap’’ temperatureT* which increases with increas
ing d.5 These observations together suggest rather stro
that the photoinduced effects are related to the opening
gap~or pseudogap! in the density of states close to the Fer
energy. For optimally doped cuprate superconductors—
which most experiments were done so far—there has b
substantial agreement in the literature regarding the exp
mental data. However, various groups have proposed
different explanations for the observed effects1,3,4,6and their
origin has remained controversial.7

In this paper we present a calculation of the photoindu
optical response in a superconductor for weak excitation
compare our results with systematic experimental data
YBa2Cu3O72d as a function ofd and T. We derive expres-
sions for the temperature dependence of the photoexc
quasiparticle densitynpe and photoinduced transmission am
plitude uDT/T u for different possible gaps~or pseudogaps!
that might be applicable to high-Tc cuprates. The simples
case considered is that of a gap, whose temperature de
dence is mean-field-like and is approximated using a B
function. The second case considered is for a temperat
independent ‘‘pseudogap’’ that is relevant for a superc
ductor where condensation of preformed pairs into a su
PRB 590163-1829/99/59~2!/1497~10!/$15.00
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conducting state occurs atTc but pairing takes place abov
this temperature. In this case the gap is not due to a col
tive effect, but essentially represents the pair-binding ene
EB and is—to first approximation—temperature indepe
dent. Finally we discuss the case of an anisotropic gap w
nodes, such as one might expect for ad-wave supercon-
ductor. In Sec. V we present a calculation of the tempera
dependence of the quasiparticle relaxation ratet. Compari-
sons of the theoretical predictions with experimental data
made in each case and a detailed discussion is give
Sec. VI.

II. EXPERIMENTAL DETAILS

The time-resolved experiments were performed us
100-fs, 800-nm pulses from a Ti:sapphire laser using sin
high-frequency modulation of the pump at 200 kHz. T
YBa2Cu3O72d thin-film samples were grown on MgO o
SrTiO3 substrates and annealed in oxygen to obtain differ
O concentrationsd. TheTc was measured by measuring th
ac susceptibility in each case. The transition widths, defi
as the temperature wherex drops to 90% of full diamagne
tism, were typically 1–2 K for thed,0.15 and 4–7 K for
d.0.15. The oxygen concentration was determined fr
Tc , which brings in some uncertainty near optimum dopin
since the optimumTc for YBa2Cu3O72d ~YBCO! is 90 K on
SrTiO3 substrates and 89 K on MgO substrates, which is 2
K lower than in single crystals. The typical film thickness
were 100–120 nm and all experiments were performed
transmission through the sample. The typical energy of
laser pulse is 0.2 nJ, and the laser spot size typically 100mm
in diameter. In estimating the photoexcited carrier dens
the absorption length was assumed to bel .0.1 mm. The cw
temperature rise of the superconductor film due to laser h
ing was calibrated using a 30-mm YBCO superconducting
microbridge from the same batch and on the same subs
as in the optical experiments by measuring the change
resistivity with a four-probe contact method. This tempe
1497 ©1999 The American Physical Society
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1498 PRB 59KABANOV, DEMSAR, PODOBNIK, AND MIHAILOVIC
ture offset was then taken into account in the plots show
Figs. 1–6. The error in the sample temperature is thus
duced to less than62 K.

The photoinduced transmissionDT/T through two differ-
ent films with Tc590 and 53 K, respectively, is shown i
Fig. 1 at different temperatures above and belowTc . There
are two decay components in each case, a fast compo
with t;0.322 ps, and a longer-lived component withtL
.10 ns, which appears as a nearly flat background alre
discussed elsewhere.4 The latter will not be analyzed here
except that it will be taken into account in the fitting proc
dure. The time evolution of the traces was fitted~shown by
the solid lines in Fig. 1! using a model with asingle expo-
nential decay and a Gaussian temporal profile pump pu
from which the amplitude of the photoinduced transmiss
uDT/T u and relaxation time of the fast componentt was de-
termined. The temperature dependence ofuDT/T u andt de-
rived from the fits are plotted in Figs. 2, 4, and 5 and will
discussed together with the theory in the following sectio

III. INITIAL PHOTOEXCITED CARRIER RELAXATION

The initial phase of PE carrier relaxation after absorpt
of a pump laser photon proceeds very rapidly. After the la
pulse excites an electron-hole pair, these PE carriers ther
ize among themselves with a characteristic time ofte-e
;\EF/2pE2, whereE is the carrier energy measured fro
the Fermi energyEF . In this thermalization process, quas
particle avalanche multiplication due to electron-electr
collisions takes place as long aste2e is less than the
electron-phonon (e-ph) relaxation time te-ph . Electron-
phonon relaxation becomes important when the quasipar
~QP! energy is reduced toE5A\EF/2pte-ph.30– 50 meV
~assumingEF.0.1– 0.2 eV).te-ph has been determined ex
perimentally for the case of a YBa2Cu3O72d ~Ref. 8! as well

FIG. 1. The normalized photoinduced transmissionDT/T as a
function of time delay for two different samples with~a! Tc

553 K and~b! Tc590 K, each at three different temperatures. T
time evolution of the traces was fitted~solid lines! using a model
with a single exponential decay and a Gaussian temporal pro
pump pulse.
in
e-
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n
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as Bi2Sr2CaCu2O81x and Bi2Sr2Ca2Cu3O101x ~Ref. 9! from
relaxation-time fits in time-resolved experiments using
tense laser pulses. Using the formula of Allen10 the e-ph
relaxation time for YBCO has been found to bete-ph

5Te/3l^v2&.100 fs for initial carrier temperature
Te5EI /Ce in the range 3000 K~Ref. 8! andte-ph.60 fs for
Te.410 K.9 HereEI is the energy density per unit volum
deposited by the laser pulse,Ce is the electronic specific
heat,l is a constant that characterizes the electron-pho
interaction, and̂ v2& is a mean-square phonon frequency.l
has been determined from these experiments to be in
range 0.9,l,1 both in YBa2Cu3O72d and
Bi2Sr2CaCu2O81x superconductors. In experiments that w
are considering here,1,4,5 the laser intensities are significant
smaller, and the photoexcited electronic temperatureTe is
only few K in excess of the lattice temperature, i.e.,Te.T,
which gives ane-ph relaxation timete-ph.10 fs. Under
these near-equilibrium conditions where the carrier tempe
ture is near the lattice temperature, this value ofte-ph can be
compared to the relaxation time determined from infrar
reflectivity measurements. For energies of the order
30–50 meV,\/t;3000 cm21 (t;16 fs) ~Ref. 11! in good
agreement with the estimatedte-ph.10 fs. In the absence o
a gap in the low-energy density of states, this is the ti
scale of the electron-phonon thermalization.

In the presence of the gap the situation is strongly mo
fied and a bottleneck in the relaxation occurs aftert
>10 fs. As a result QP’s accumulate near the gap, formin
nonequilibrium distribution. Each photon thus creates 30–
QP’s given byEpump/2D, whereEpump51.5 eV is the laser
pump photon energy and 2D is the energy gap. Because th
final relaxation step across the gap is strongly suppressed12,13

the QP’s together with high-frequency phonons~with \v
.2D) form a near-steady-state distribution. The QP reco
bination dynamics of this system is governed by the emiss
and reabsorption of high-frequency phonons. Phonons w
\v,2D do not participate in the direct relaxation of th
QP’s, since in this case the QP final states would lie in
gap. ~A quantitative justification for the assumption th
phonons play a dominant role in the QP relaxation will
given in Sec. V.! The basis for these pump-probe expe
ments is that this near-equilibrium QP population can
very effectively probed using excited-state absorption us
a suitable second optical probe pulse, giving direct inform
tion on QP dynamics and the nature of the gap itself.

Since the probe laser photon energyEprobe is typically
well abovethe plasma frequency in high-Tc superconductors
we make the approximation that the transition probability
the probe light is given by Fermi’s ‘‘golden rule,’’ with
photoinduced quasiparticles as initial states and with fi
unoccupied states well above the Fermi energy in a band
lies approximately atE0;Eprobe. The amplitude of the
photoinduced absorption~PA! uDA/Au is then proportional
to the photoinduced transmissionuDT/T u ~and in the linear
approximation also touDR/Ru) which is in turn proportional
to the number of photoexcited quasiparticlesnpe . The probe
signal is thus weighted by the O-Cu charge-transfer dip
matrix element and the joint density of states~JDOS!, so
uDT/T u}2nper f uMi j u2 wherenpe is the photoexcited carrie
density, r f is the final density of unoccupied states, a

e
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PRB 59 1499QUASIPARTICLE RELAXATION DYNAMICS IN . . .
Mi j 5^p•A& is the dipole matrix element. Although rece
experiments on YBa2Cu3O72d with differentEprobe show the
existence of a resonance forEprobe;1.5 eV,4 we assume
here that the adiabatic approximation can be applied, so
photoinduced carriers do not cause any change inr f or Mi j .
In this case the effect of the 1.5-eV resonance is to sign
cantly enhance the sensitivity of the probe.

IV. TEMPERATURE DEPENDENCE
OF THE QUASIPARTICLE DENSITY

A. Isotropic gap

In discussing the theoretical explanation for the obser
effects, it is important to make the distinction between e
periments~i! in which the photoexcited charge carrier de
sity is substantially less than the normal-state carrier den
npe!nc so the laser makes only a weak perturbation on
superconductor1,4,5 and ~ii ! those wherenpe;nc and photo-
excitation is sufficiently strong to close the superconduct
gap.2,3 Whereas for the latter case~ii !, a theoretical descrip
tion was proposed by Mazin,6 so far there has been no th
oretical calculation for the photoinduced effects in a sup
conductor for the case of weak photoexcitation~i!. The
number of photogenerated quasiparticles in low-excitat
density experiments isnpe&331023/unit cell.1,4,5 On the
other hand, the typical quasiparticle concentration in a hi
Tc superconductor is n052N(0)D.0.2– 0.4/unit cell,
whereN(0) is the density of states atEF . The number of
photoexcited QP’s is small compared to the normal s
densitynpe /n0&1022, so the weak photoexcitation approx
mation is clearly justified and the photoexcited quasipartic
make only a small perturbation of the distribution function
Assuming that the energy gap is more or less isotropic~no
nodes!, we can approximate nonequilibrium phonon (nvq

)

and quasiparticle (f e) distribution functions as follows:14

nvq
55

1

expS \vq

kBT D21

, \vq,2D

1

expS \vq

kBT8D21

, \vq.2D

~1!

f e5
1

expS e

kBT8D11

, ~2!

whereT is the lattice temperature andT8 is the temperature
of quasiparticles and high-frequency phonons with\vq
.2D.

We can calculatenpe using Eqs.~1! and ~2! and by con-
sidering the conservation of energy. AssumingD is tempera-
ture independentand large in comparison toT, the conser-
vation of energy has the following form:

~nT82nT!D1~nT8
2

2nT
2!

nD

2\VcN~0!2kBT8
5EI . ~3!

Here nT8 ,nT is the number of thermally excited quasipar
cles per unit cell atT8 andT, respectively,EI is the energy
density per unit cell deposited by the incident laser pulse,Vc
he
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is phonon frequency cut off, andn is the effective number of
phonon modes per unit cell participating in the relaxatio
Taking into account thatnpe5(nT82nT)!nT and assuming
that nT52N(0)kBT exp(2D/kBT), the number of photoge
nerated quasiparticles at temperatureT is given by

npe5
EI /D

11
2n

N~0!\Vc
exp@2D/kBT#

. ~4!

For the case of a temperature-dependent gapD(T), Eq. ~3!
will be slightly modified:

S ~nT82nT!1
n

\VcN~0!2pD~T!
~nT8

2
2nT

2! D
3~D~T!1kBT/2!5EI . ~5!

We approximatenT.2N(0)ApD(T)kBT/2 exp@2D(T)/T#
~Ref. 13! with kBT!D, resulting in a slightly modified ex-
pression fornpe :15

npe5
EI /~D~T!1kBT/2!

11
2n

N~0!\Vc
A 2kBT

pD~T!
exp@2D~T!/kBT#

. ~6!

We note that in Eqs.~4! and~6!, the explicit form ofnpe
~and hence alsouDA/Au or uDT/T u) depends only on the
ratio kBT/D, showing that the intensity of the photorespon
is a universal function ofkBT/D as long as the particula
functional form of the temperature dependenceD(T) is the
same. Another important feature of expressions~4! and~6! is
that atT50,npe}1/D(0), which allows a determination o
D~0!, as long as the experimental parameters required to
culateEI are recorded sufficiently precisely.

Since the decay of each phonon involves the creation
two quasiparticles, the number of high-frequency phonon
proportional to the square of the number of quasipartic
nT8

2 at temperatureT8. ~Taking into account conservation o
energy,14 at higher pulse energies whennpe becomes large,
we expect a crossover of the photoresponse from a lin
dependence on laser powernpe}I to a square-root depen
dencenpe}AI at very high intensities.!

To enable comparison of the temperature dependen
of the photoinduced transmission given by Eqs.~4! and ~6!
with experiments, we have plotted them as a function
temperature in Figs. 2~b! and 2~c!, respectively. The values
for the constants for YBa2Cu3O72d are n510–20, N(0)
52.5– 5 eV21 spin21 cell21, Vc50.1 eV. At low tempera-
turesnpe is essentiallyT independent in both cases, fallin
off at higher temperatures. However, from the figure it
clear that the high-temperature behavior is quite differen
the two cases. In the case of theT-dependent gap@Fig. 2~c!#,
the decrease inuDT/T u is much more pronounced and star
quite close toTc at T/Tc'0.8 dropping to zeroat Tc . In the
temperature-independent gap case@Fig. 2~b!#, the photoin-
duced transmission starts to drop at much lower temperat
near T/T* '0.4, dropping exponentially at high temper
tures. Also, a notable prediction of Eq.~6! for the
T-dependent gap is a small peak nearT/Tc'0.7, which is
not present in the case of a temperature-independent gap
mula ~4!.
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In Fig. 2~a! we have plotted the data for the photoinduc
transmission amplitude for YBa2Cu3O72d as a function of
temperature for three differentd. Both the magnitude and th
temperature dependence are seen to be strongly doping
pendent. For comparison with theory, superimposed on
theoretical curves in Figs. 2~b! and 2~c! we have plotted the
normalized photoinduced reflectivity and transmission d
for YBa2Cu3O72d with differentd. The data for a number o
underdoped samples5 in the range 0.15,d,0.48 have been
scaled onto a common temperature scale as suggeste
formula ~4! and plotted as a function ofT/T* in Fig. 2~b!.
T* is defined as the point where the amplitude of sig
uDT/T u drops to some fixed value~for example to 5% of the
maximum value!. The data can be seen to fit the theoreti
curve remarkably well.

For near optimally doped YBa2Cu3O72d (d,0.1) the data
are scaled byTc and are plotted as a function of reduc
temperatureT/Tc . However, this time the data are superim

FIG. 2. ~a! The photoinduced transmission amplitudeuDT/T u in
YBa2Cu3O72d as a function of temperature for three differentd:
for d50.48 ~open squares!, d50.18 ~solid triangles! and
d.0.1 ~open circles!. ~b! The solid line is a plot of the photoin
duced transmission amplitude as a function of temperature f
temperature-independent gap using expression~4! as a function
of T/T* . The data points are for underdoped samples withd
50.18 with Tc577 K ~solid triangles!, d50.32 with Tc562 K
~open triangles!, d50.44 with Tc553 K ~solid circles!, and
d50.48 with Tc548 K ~open squares!, respectively.~c! The solid
line is the calculated photoinduced transmission amplitude from
~6! for a temperature-dependent gap as a function of normal
temperatureT/Tc and data for the near optimally doped samp
d;0.1 (Tc590 K) from Mihailovic et al. ~Ref. 5! ~open circles!,
Stevenset al. ~Ref. 4! ~open squares!, and Hanet al. ~Ref. 1! ~solid
triangles!. Note: the original data points of Ref. 1 were shifted by
K in temperature. The solid lines in~a! are fits with Eq.~4! for
d50.48 andd50.18 and Eq.~6! for d.0.1.
de-
e

a

by

l

l

posed on the prediction for theT-dependent BCS-like gap
@Eq. ~6!# in Fig. 2~c!. In this case also, the fit is seen to b
good, including the small maximum atT/Tc'0.7. This
maximum is particularly well observed in the data by H
et al.1 and by Mihailovicet al.,5 although it is not evident in
the data of Stevenset al.4

The experimental data thus appear to scale ontoone of
the two theoretical curves, the near optimally dope
YBa2Cu3O72d data (d,0.1) agreeing very well with Eq.~6!
derived for a temperature-dependent gap, while the un
doped data (d.0.15) fit expression~4! for a T-independent
gap. The fact that the underdoped sample data scale onto
universal curve in Fig. 2~b!, while the near optimally doped
data scale onto the curve in Fig. 2~c!, is a consequence of th
scaling properties of Eqs.~4! and~6! and is a rather remark
able confirmation of the theoretical model by the experime
From the fits of the underdoped sample data, we obtain
values of 2D5(561)kBT* for underdoped samples an
2D5(961)kBTc for the near optimally doped samples, th
latter in good agreement with other optical experiments.11,16

Further confirmation of the model comes from the p
dicted linear intensity dependence in Eqs.~4! and~6!. In Fig.
3 we plot theT dependence ofuDT/T u for a near optimally
doped sample (Tc589 K) for three different pump intensi
ties. The data are seen to scale linearly with intensity
shown by the insert whereEI is changed over one order o
magnitude. ~Unfortunately, measurements over a larg
range of intensities were not possible because of steady-
laser heating.!

B. Anisotropic gap with nodes

If the gap is anisotropic and contains nodes on the Fe
surface—such as ford-wave or strongly anisotropics-wave
pairing—there is no clear gap in the spectrum. Neverthel
the quasiparticle DOS still has a strong energy depende
and a separation of low- and high-energy quasiparticles

a

q.
d

FIG. 3. TheT dependence ofuDT/T u for a near optimally doped
sample (Tc589 K) for three different laser intensities. The da
have been normalized with respect to the energy density per
volume deposited by the laser pulseEI . The inset shows low-
temperatureuDT/T u vs EI , where uDT/T u scales linearly withEI

andE05831025 eV cell21 spin21.
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exists, albeit less pronounced than in the isotropic case.
an anisotropic gap with nodes we can approximate the q
siparticle DOS as a function of energy« as

N~«!5N~0!S «

Da
D h

~«!Da!, ~7!

whereDa is a characteristic energy scale separating the l
and high-energy QP’s, and the exponenth depends on the
topology of the nodes on the Fermi surface. For a tw
dimensional Fermi surface~with nodes! h51, while for a
three-dimensional caseh52.

Using Eq.~7! we can estimate the average energy ac
mulated by quasiparticles after each laser pulse:

DE52FN~0!~kBT8~h12!2kBT~h12!!/Da
h5EI , ~8!

F5E
0

` xh11

exp~x!11
dx. ~9!

F51.80 forh51, andF55.68 forh52, andT8 andT are
the QP temperature and lattice temperatures, respectivel
low temperatures, the phonon contribution to the total ene
is exponentially small@Eq. ~8!# and can be neglected. In th
case, the high- and low-energy phonons are separated b
energy scale of the order ofDa . ~Note that in generalDa
scales with the gap, but is not equal to the amplitude of
gap.!

Solving Eq.~8! with respect to the QP temperatureT8 we
obtain

T85F EIDa

2FN~0!
1kBT~h12!G1/~h12!

. ~10!

The number of thermally excited quasiparticles is determi
by the equation

nT52GN~0!kBT~h11!/Da
h , ~11!

whereG is given by the Eq.~9!, except thath11 is replaced
by h, soG50.82 forh51 andG51.80 forh52. Combin-
ing the two equations~10! and~11!, we derive the following
equation for the number of photogenerated quasiparticle
a function of temperature:

npe5
2GN~0!kBT~h11!

Da
h

3F S 11
EIDa

h

2FN~0!kBT~h12!D h11/h12

21G . ~12!

The expression for the photoinduced carrier density@Eq.
~12!# is plotted in Fig. 4 withh52 ~solid line! and the same
values ofN(0) andEI as before. Instead of an exponent
falloff with increasing temperature, the photoexcited qua
particle number decreases rapidly well belowTc according
to a power law. In the two-dimensional case withh51 ~and
the same parameters!, the temperature dependence is sho
by the dashed line in Fig. 4 and differs only at the lowe
temperatures. Using aT-dependent gap~e.g., of BCS form!
in Eq. ~12!, the curve fornpe is virtually indistinguishable
from the case whereDa

h is temperature independent. Th
reason for this is that the effect of theT-dependent gap is
only important asT→Tc , but therenpe is already small.

At low temperatures we can neglect the 1 in the la
parentheses and obtain
or
a-

-

-

-

At
y

an

e

d

as

l
i-

n
t

e

npe5
2GN~0!

Da
h F S EIDa

h

2FN~0!
D ~h11!/~h12!

2kBT~h11!G .
~13!

A feature of thed-wave model, which is particularly impor
tant for comparison with experiment, is the peculiar subl
ear behavior of npe with laser pump intensitynpe

;E I
(h11)/(h12) at low temperatures. In the high-temperatu

limit on the other hand we can expand the term in bracket
obtain a crossover to linear behavior, with a temperatu
dependent slope:

npe52G
EI

kBT

h11

h12
. ~14!

It should be pointed out that in the high-temperature lim
the phonon contribution should become increasingly imp
tant and the decrease of the number of photogenerated
will eventually become exponential, just as in the case of
isotropic gap.

The data for the temperature dependence of the indu
transmission for underdoped and optimally dop
YBa2Cu3O72d are also plotted in Fig. 4, superimposed wi
the predicted response for thed-wave case. Clearly the
T-dependence data cannot be described using apure d-wave
gap irrespective of dimensionality or the form of temperatu
dependence ofD(T) @Eq. ~12!#. The linear intensity depen
dence shown in Fig. 3 is consistent with this observation,
is also not consistent with ad-wave gap, which predicts a
sublinear response. We note that although the data ap
ently exclude the possibility of apure d-wave gap in under-

FIG. 4. A plot of the temperature dependence of the photo
duced transmission amplitude~i.e., PE carrier density! for a pure
d-wave gap@Eq. ~12!#. The solid line is for a three-dimensiona
case, while the dashed line is for a two-dimensional case using
same parameters.~The ordinate scale is the same for both curve!
The data~symbols! exhibit qualitatively different behavior than pre
dicted by thed-wave model, irrespective of dopingd. The data
were scaled in the same way as in Fig. 2. The open squares r
sent data ford.0.15 while the solid squares are ford,0.1.
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doped and near optimally doped YBCO, it does not entir
rule out a mixed symmetry gap with somed-wave admix-
ture.

V. THE QUASIPARTICLE RELAXATION RATES

As discussed in Sec. III, the relaxation rate of the pho
induced QP’s is dominated by the energy transfer from hi
frequency phonons with\v.2D to phonons with \v
,2D. To describe the relaxation of nonequilibrium qua
particles in this case we consider the kinetic equation
phonons, taking into account phonon-phonon scattering:17

]nv

]t
5I ph-ph$nv%, ~15!

where phonon-phonon scattering integral has the form

I ph-ph$nv%52p (
q1 ,q2

uwq1 ,q2
u2$ 1

2 @~nv11!nv1
nv2

2nv~nv1
11!~nv2

11!#d~v2v12v2!

1@~nv11!~nv1
11!nv2

2nvnv1

3~nv2
11!#d~v22v2v1!%. ~16!
e
io

on

e

no

rin
-

y

-
-

-
r

wq1 ,q2
is the anharmonic coupling constant andnv is the

phonon distribution function.~Conservation of the phonon
momentum is not relevant because of umklapp scatteri!
We neglect theelectron-phononscattering integral becaus
at normal temperatures the relative contribution of quasip
ticles to the relaxation of phonons is small due to the re
tively small number of quasiparticles compared to t
phononsN(0)Vc!n. Electron-phonon collisions can pla
an important role only at temperaturesT8!Tc but since—as
shown in the previous section—npe is nearly constant at low
temperature,T8 cannot be small. The distribution functio
Eq. ~1! reduces to 0 the parts of the collision integral E
~16! that describe the scattering of high- and low-frequen
phonons separately. Only the part of the collision integ
that does not conserve the number of phonons withv,2D
differs from zero.

To estimate the relaxation time, we multiply Eq.~15! by
vq and sum over q, satisfying the condition 0,vq
,2D(T):

]E,

]t
5 (

q~vq,2D!
\vqI ph-ph$nv%. ~17!

If we suppose that the coupling constant is moment
independentwq ,q 5w, then
1 2
(
q~vq,2D!

vqI ph-ph$nv%52pw2E
0

2D

vr~v!dvE $ 1
2 @~nv11!nv8nv2v82nv~nv811!~nv2v811!#r~v8!r~v2v8!

1@~nv11!~nv811!nv1v82nvnv8~nv1v811!#r~v8!r~v81v!%dv8. ~18!
h-
of

P-

tem
-
rti-
Herer(v)53nv2/Vc
3 is the phonon density of states in th

Debye approximation. We restrict ourselves to a discuss
of the relatively high temperature limit where the phon
distribution function can be replaced bykBT/\v. The en-
ergy accumulated by the phonons with\v,2D is

E,5E
0

2D

nvr~v!\vdv5
8nkBTD3

~\Vc!
3 . ~19!

In the integral Eq.~18! the first term is equal to 0 becaus
it has only phonon distribution functions with\v,2D. The
first nonzero contribution describes the decay of the pho
with \v.2D to two phonons with\v,2D:

I 1.
13

12
pw2S 3n

~\Vc!
3D 3

kB
2T~T82T!~2D!7. ~20!

The second contribution describes the inelastic scatte
of a high-frequency phonon with creation of one low
frequency phonon withv,2D:
n

n

g

I 2.
8

3
pw2S 3n

~\Vc!
2D 3

kB
2T8~T82T!D4. ~21!

Equation~21! shows that the inelastic scattering of hig
frequency phonons is dominant in the energy relaxation
the energy ifD!\Vc and we can neglectI 1 .

Taking into account Eqs.~17! and ~19!–~21! we obtain
expressions describing the relaxation of the equilibrated Q
phonon temperature:

]T

]t
5

1

tph
~T82T!, ~22!

1

tph
5

9pn2w2kBT8D~T!

~\Vc!
3 . ~23!

Note that Eq.~22! is rather similar to that derived by Allen10

for the temperature relaxation in the electron-phonon sys
in the normal metals, except that Eq.~22! describes the pho
non energy relaxation modified by the gap in the quasipa
cle spectrum.
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The phonon-phonon relaxation time@Eq. ~23!# can be ex-
pressed in terms of an experimental parameter, namely
Raman phonon linewidthGv . Using Fermi’s ‘‘golden rule’’
we can calculateGv for kBT!\v:

Gv52pw2 (
q,n,n8

~nvq,n
11!~nv2q,n8

11!

3d~vq,n1v2q,n82v!

.
3pw2n2v2

4\Vc
3 . ~24!

The phonon relaxation rate can thus be expressed in te
of Gv in the following form:

1

tph
5

12GvkBT8D~T!

\v2 . ~25!

For a temperature-dependent gapD, the relaxation time is
expected to show a divergencetph}1/D(T) as is indeed ob-
served in optimally doped cuprates.1,5,9,18 A similar diver-
gence of the relaxation time has been calculated previo
by Schmidt and Scho¨n19 and Tinkham and Clark,20 albeit for
somewhat differently created nonequilibrium situations.

The typical relaxation time scaletph given by Eq.~25! is
very close to the experimentally observed values. From
data on the Raman linewidth of theA1g-symmetry apical
O~4! phonon mode in YBCO, which has been shown to
particularly anharmonic,Gv'13 cm21 andv.400 cm21.21

At T8.T5Tc/2, and usingDTc/2'200 cm21 we obtaintph

50.8 ps.
At low temperatures the quasiparticle temperatureT8 is

much higher than the lattice temperatureT and the formula is
expected to fail. However, from the experiments~Fig. 2! we
see from the temperature dependence ofuDT/T u that the
number of photogenerated quasiparticles is nearly consta
low T. T8 can therefore be estimated from the equation

nT82nT5EI /D~0!. ~26!

Taking into account thatnT.2N(0)D(0)exp@2D(T)/kBT#
we obtain

kBT8.D~T!/ ln„1/$EI /2N~0!D~0!21exp@2D~T!/kBT#%….
~27!

At low T, the nonequilibrium temperatureT8
.D(T)/ ln$2N(0)D(0)2/EI%.Tc/2, while in the high-
temperature limit, the exponent in the logarithm becom
large andT8.T. Combining Eq.~25! and Eq.~27! we obtain
an expression for the QP relaxation time as a function
lattice temperatureT and photoexcitation energyEI that is
valid for all temperatures 0,T,Tc :

1

tph

5
12GvD~T!2

\v2ln„1/$EI /2N~0!D~0!21exp@2D~T!/kBT#%…
.

~28!

To enable comparison of this formula with experimen
we again use Raman data on high-frequency optical pho
linewidths, a value of gap frequency of 200 cm21 (2D
he

s

ly

e

e

at

s

f

,
on

.9kBTc) from the fits in Fig. 2~c!, the same values o
N(0)52.2– 5 eV21 cell21 spin21 as in Sec. III, and a BCS
function forD(T). EI was again calculated using an incide
laser energy of 0.2 nJ incident on a 100-nm-thick film with
spot size of;100 mm diameter. We obtain a temperatu
dependence of the relaxation timetph as shown in Fig. 5. A
comparison of the theory with the data for optimally dop
YBa2Cu3O72d samples1,5 in Fig. 5 shows good agreemen
with the theory22 with no adjustable parameters, especially
nearTc . Some experimental data in the literature1,23 show an
upturn in relaxation time at low temperatures, which is a
weakly present in the data in Fig. 5. Although Eq.~28! is
derived for temperatures close toTc , an upturn at low tem-
perature can still be reproduced by this formula if we redu
the energy per pulseEI . @In fact in the limit of EI→0, Eq.
~28! givestph}1/T at low T.] Indeed by settingEI /N(0) in
Eq. ~28! as an adjustable parameter, rather than inser
fixed values as we have done, the low-temperature uptur
the data can be reproduced more accurately.

To end this section we briefly make a quantitative co
parison of the relaxation rates for a gapped and gapless
terial. Comparing the relaxation time for the case of a gap
material with relaxation time in a normal metal described
the formula of Allen10 we obtain

tph

te-ph
;

l\3v4

4p~kBT!2DGv
. ~29!

Inserting experimental values forv andGv we find the an-
harmonic phonon decay time in a superconductor to be
proximately two orders of magnitudeslower than electron-
phonon relaxation in a gapless material astph /te-ph
;60– 200 forT.Tc as expected.

The calculation was performed assuming that the rate l
iting step for QP relaxation is anharmonic decay of hig
energy phonons, while direct electron phonon relaxation w

FIG. 5. The relaxation timet as a function of temperature for
temperature-dependent gap@Eq. ~28!#. The data are for the nea
optimally doped samplesd;0.1 (Tc590 K) from Hanet al. ~Ref.
1! ~full circles! and Mihailovicet al. ~Ref. 5! ~open circles!. Note:
the data points of Hanet al. ~Ref. 1! were shifted by 7 K in tem-
perature.
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assumed to be small. This is now justified quantitatively b
calculation of the direct electron-phonon relaxation rate. T
contribution of phonon-electron scattering to the relaxat
of phonon system can be estimated by deriving the co
sponding relaxation ratet1

21 using the usual electron-phono
collision integral~see Appendix!:

1

t1
5

pN~0!lD~T!Vc

2n
. ~30!

We see that the electron-phonon relaxation rate, when c
pared to the phonon relaxation rate, is reduced by the fa
N(0)\Vc /n!1:

tph

t1
5

p\2N~0!lv2Vc

24nGvkBT8
,1 ~31!

and can therefore be neglected. However if the numbe
phonon modes involved in the relaxation is significan
smaller, the ratiotph /t1 may approach unity. In this case th
electron-phonon collisions can also contribute to the pho
relaxation. However, the temperature dependence of the
laxation rate 1/t1 is very similar to the anharmonic relax
ation tph , both being proportional toD(T) and so the two
contributions to the relaxation may be difficult to separ
experimentally. The data shown in Fig. 5 are fit totph with-
out any fitting parameters, so it appears to be reasonab
assume that anharmonic relaxation described by Eqs.~25!
and~28! is dominant in YBa2Cu3O72d near optimum doping.

VI. DISCUSSION

Near optimum doping in YBa2Cu3O72d (d,0.1) we find
that the theoretical model gives a good quantitative fit to
temperature dependence of the photoinduced transmis
@Fig. 2~c!#, provided we use a temperature-dependent
@Eq. ~6!#. The relatively square shape of the temperature
pendence ofuDT/T u, the weak maximum nearT/Tc50.7,
and the rapid drop in the signal amplitude above this te
perature are a consequence of the particular temperatur
pendence of the gap with the property thatD(T…→0 asT
→Tc . In underdoped YBCO on the other hand@Fig. 2~b!#,
the temperature dependence is much weaker and can on
reproduced by the calculation using a temperatu
independent gap@Eq. ~4!#. It is not possibleto reproduce the
temperature dependence of the optimally doped data usi
temperature-independent gap, and vice versa, it is not
sible to describe the underdoped data with aT-dependent
BCS-like gap.24

A similar conclusion regarding the evolution of the g
with doping is reached on the basis of the comparison of
calculated temperature dependence of the relaxation timt
with the data. The divergence atTc shown in Fig. 5 for
samples near optimum doping together with the tempera
dependence ofuDT/T u lead to the inescapable conclusio
that there is a gap in YBa2Cu3O72d with (d;0.1) that closes
rapidly atTc . On the other hand, the notableabsenceof this
divergence oft for underdoped YBa2Cu3O72d (d.0.15)
~Ref. 5! is consistent with the existence of aT-independent
gap deduced from the temperature dependence ofuDT /T u.

Plotting the temperatureT* andTc as a function ofd in
Fig. 6, we find thatT* drops with increasing doping in
a
e
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e-
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or
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characteristic fashion, following the so-called ‘‘pseudoga
behavior reported by other experimental techniques.25–27

Near optimum doping, the ‘‘pseudogap’’ becomes obse
able close toTc . Such a situation occurs in BCS superco
ductors where gap formation is a collective effect and C
per pairs form simultaneously with the formation of a pha
coherent collective state atTc . However, from Fig. 2~c! and
Fig. 3 there is some evidence of remaining QP excitatio
above Tc even near d;0.1. The T-independent
‘‘pseudogap’’ thus appears to be still present near optim
doping, and the BCS case is not quite realized.

The underdoped state is distinctly different, with
T-independent normal-state pseudogap appearing atT*
@Tc . The changes in the photoinduced transmissionuDT/T u
at T* in this case are simply a result of an increased po
lation of pairs with decreasing temperature. Since the
served changes inuDT/T u are associated only with pairin
and not phase coherence~which occurs atTc), we see no
change inuDT/T u at Tc in agreement with predictions o
preformed pairing models of the underdoped state.28,29 The
pseudogap in this case signifies the pair-binding energy,
its value is determined by the microscopic pairing mec
nism. It is to first approximation temperature independ
and decreases with an inverse law with increasing car
concentration, which is consistent with increased semicla
cal ~Debye-Hückel! screening between charge carriers.28

Since the temperature dependence ofuDT/T u is actually
exponential at high temperatures@Eq. ~4!#, it is more appro-
priate to discuss the doping dependence of the magnitud
the energy gapD rather than ofT* . This avoids the some
what arbitrary criterion for determiningT* of an asymptotic
function. Such a plot ofD versus dopingd is shown in Fig. 7.
As predicted on the basis of screening arguments abovD
appears to follow an inverse lawD}1/x, wherex50.62d is
proportional to the carrier concentration.

The doping dependence ofD can be independently con
firmed from the same data set by plotting the lo
temperature value ofuDT/T u as a function ofd. As can be

FIG. 6. Tc ~open squares! andT* ~solid squares! as a function
of d. T* is defined as the point where the amplitude of sign
uDT/T u drops to 5% of maximum of theT-dependent signal~the
T-independent contribution, which is assumed to be due to A
relaxation is subtracted!.
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seen from formulas~4! and ~6!, the value ofuDT/T u at T
50 is proportional to EI /D, from which the zero-
temperature gapDT50 can be determined. A scaled plot o
1/uDT/T uT→0 as a function of dopingd in Fig. 7 indepen-
dently confirms the inverse relationD}1/(0.62d). We note
that the observation of an inverse law is in agreement w
recent experiments on La22xSrxCuO4,

30,31 suggesting that it
may be a universal feature of the cuprates.

A somewhat surprising feature of the data is that they
described so well by an isotropic gap over the whole rang
doping. A d-wave gap is apparently not consistent with
ther the temperature dependence ofuDT/T u or the linear in-
tensity dependence ofuDT/T u. It is also not consistent with
the observation of a single exponential decay ofDT/T with
time, since in thed-wave case we would expect a distrib
tion of t-s, and certainly no single divergence oft at Tc
should be observed in thed-wave case. A possible explana
tion for the absence of ad-wave signature is that in YBCO
the gap in the bulk of the sample is more or less isotropic
contrast to the surface, where it may be mored-like.32 An-
other possibility for the apparent discrepancy between
present optical data and, for example, Raman experimen33

are the different weights that the matrix elements have in
probing process. In the present experiments the dip
transition-matrix elements average over the whole Fermi
face ~FS! weighted by areas of large electron momentu
Anisotropy of the FS is not emphasized in this case. Thi
different than in Raman measurements, where the electr
scattering intensity is zero for an isotropic parabolic ba
and Raman intensity comes only from the anisotropic
gions of the FS.

FIG. 7. The dependence of the energy gapD on dopingd. The
open squares correspond to values ofD determined from fits to the
data using Eqs.~4! and ~6!, while the solid circles are obtained b
plotting the scaled magnitude of the inverse of the photoindu
transmission at low temperature, 1/uDT/T uT→0 . In the latter case,
the data were taken in a single experimental run with caref
controlled laser operating conditions to ensure thatD can be com-
pared quantitatively. The dashed line is a guide to the eye show
D}1/x behavior.
h

e
of

n

e
s
e
le
r-
.
is
ic
,
-

We conclude by noting that the comparison of the the
retically predicted temperature dependence of the phot
duced absorption signal amplitudeandrelaxation timet with
the experimental results on underdoped and optimally do
YBa2Cu3O72d gives goodquantitativeagreement. The evo
lution of the gap from a temperature-independentD to a
temperature-dependent collective gapD(T) is a particularly
striking feature of the data as is the apparent inverse de
dence of the gap magnitude with doping. Although t
model calculation presented in this paper was perform
with the superconducting cuprates in mind, it is quite gene
and can, for example, also be applied to a case of photo
citation experiments on charge density-wave~CDW! systems
or narrow-gap semiconductors. It could also be extended
other nonequilibrium situations as might occur in noneq
librium superconducting high-Tc devices for example.
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APPENDIX

To estimate the electron-phonon relaxation rate we t
into account the electron-phonon collision integral:17

I ph-e$nv%524p(
k

uMkk8u
2@ f k~12 f k8!nq

2 f k8~12 f k!~nq11!#d~ek2ek81vq!.

Mkk8 is electron-phonon coupling constant andnv , f k are
phonon and electron distribution functions.

Note that we neglect coherence factors in the electr
phonon collision integral. This is a reasonable approximat
for the BCS case if the characteristic energy of quasipartic
is large in comparison with the gapT.D. For underdoped
case also, the normal-state gap is temperature indepen
and hence coherence factors are equal to 0. It is easy to s
that the collision integrals satisfy the conservation ene
law:10

2(
k

ekS ] f k

]t D1(
q

vqS ]nv

]t D50.

To calculate electron-phonon collision integral we defi
the ‘‘electron-phonon spectral function’’a2F:

a2F~e,e8,V!5
2

N~0! (
k,k8

uMk,k8u
2d~vq2V!d~ek2e!

3d~ek82e8!.

Following Allen,10 we suppose thata2F(e,e8,V)
.a2F(eF ,eF ,V)5a2F(V). For the sake of simplicity we

d

y

g



o
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make the Debye approximation for the electron-phon
spectral functiona2F(V)5lV2/Vc

2.

(
q~vq,2D!

vqI e-ph$nv%522pN~0!E
0

2D

Va2F~V!dV

3E
D

`

$@ f ~e!2 f ~e1V!#nV

2 f ~e1V!@12 f ~e!#%de. ~A1!
G

A.

, D

tts

C

.
.

L
en

y,

.

r

n

.
.

n The integral Eq.~A1! can be easily evaluated:

I 3.
4pkBN~0!lD4

\2Vc
2 ~T82T!. ~A2!

Formula~A2! leads to Eq.~30! for electron-phonon relax-
ation rate.
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