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Carrier-relaxation dynamics in intragap states: The case of the superconductor YBa2Cu3O72d

and the charge-density-wave semiconductor K0.3MoO3

V. V. Kabanov, J. Demsar, and D. Mihailovic
Department of Solid State Physics, ‘‘Jozef Stefan’’ Institute, Jamova 39, 1001 Ljubljana, Slovenia

~Received 20 May 1999!

The unusual slow carrier relaxation dynamics—observed in femtosecond pump-probe experiments on high-
temperature superconductors and recently also in a charge-density-wave system—is analyzed in terms of a
model for relaxation of carriers in intragap states. The data on YBa2Cu3O72d near optimum doping and
K0.3MoO3 are found to be described very well with the model using a BCS-like gap which closes atTc . From
the analysis of the data we conclude that a significant intragap density of localized states exists in these
materials, which can be clearly distinguished from quasiparticle states by the time-resolved optical experiments
because of the different time and temperature dependences of the photoinduced transmission or reflection.
Localized charges are suggested to be the most likely origin of the intragap states, while the similarity of the
response in the two materials appear to exclude spin and vortex excitations.
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I. INTRODUCTION

Photoinduced absorption or reflection spectroscopy us
femtosecond lasers is potentially a very powerful tool for
study of the electronic structure of superconductors and
lated materials. Recent pump-probe experiments on cup
superconductors1–4 and some other materials5 have shown
that a photoinduced change in absorption or reflection ca
observed at low temperatures and especially forT,Tc . The
effects are believed to be caused by excited-state absor
of the probe pulse from photoexcited quasiparticle~QP!
states4 and theoretical analysis of the response was foun
be in good agreement with experimental data
YBa2Cu3O72d over a wide range of doping.4 However, in
addition to the QP response which occurs on the picosec
and subpicosecond time scale, a distinct slower response
also consistently observed in YBa2Cu3O72d ~YBCO!,2

Bi2Sr2CaCu2O8 ~BISCO!, and Bi2YxCa12xSrCu2O8,6 and
more recently in the charge-density-wave~CDW! quasi-one-
dimensional Peierls insulator K0.3MoO3.5 It was thought to
be of nonthermal origin~detailed analysis is given in Ref. 6!
and occurs on a time scale of 1028 s or longer~see Fig. 1 for
details!. Its anomalousT dependence2 — which is qualita-
tively different from theT dependence of the fast QP recom
bination dynamics — led the authors to the suggestion
the signal is due to localized states near the Fermi ene
However, the processes involved were so far not discusse
any detail.

In this paper we examine quantitatively the photoinduc
absorption~or reflection! from localized intragap states. W
develop a theoretical model for two different cases:~i! the
case of a material with a BCS-like collective gap, and~ii ! the
case of aT-independent gap~sometimes called a pseudoga!
which exists aboveTc . We compare the model prediction
with the available data on the temperature dependence o
photoinduced relaxation on the nanosecond time scale in
different materials, both of which are generally thought
have a low-temperature gap: YBa2Cu3O6.9(Tc590 K) and
K0.3MoO3 (Tc5183 K).
PRB 610163-1829/2000/61~2!/1477~6!/$15.00
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II. THEORETICAL MODEL

As the name implies, pump-probe spectroscopy invol
the excitation of the material by an ultrashort pump la
pulse and the subsequent measurement of the resu
changein optical absorption, transmission or reflection of t
sample caused by photoexcited charge carriers. As pho
from the pump laser pulse are absorbed, they excite elect
and holes in the material@see schematic diagram in Fig
2~a!#. These particles release their extra kinetic energy
scattering amongst themselves and with phonons@step 2 in
Fig. 2~a!#. This energy relaxation process is very rapid a
the particles end up in QP states near the Fermi energy (EF)
within te510–100 fs.4 Subsequent relaxation is slowe
down by the presence of the gap and a relaxation bottlen

FIG. 1. A photoinduced transmission signalDT/T as a function
of time t after photoexcitation in YBa2Cu3O72d(Tc590 K) taken
at T580 K ~points!, together with the fit~solid line!. ~1! is the
baseline signal with no pump applied.~2! is the long-lived signal
pileup remaining from previous pulses,~3! ~dashed line! is the sig-
nal due to QP recombination, and~4! ~dotted line! is the long-lived
signal remaining after all the QP signal has decayed. Signal pil
contribution and the single pulse contribution to the slow photo
duced signal are given byA anda0, respectively.
1477 ©2000 The American Physical Society
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FIG. 2. ~a! The pump-probe
optical diagram.1 represents the
pump pulse exciting charge carr
ers into a higher-lying band,2 the
carriers rapidly relax their energy
to states near the Fermi energy.3
represents the probe pulse.~b! A
schematic diagram of the term
contributing to the relaxation of
intragap states in a superconduct
with a gap 2D. In the case of a
CDW gap, thee2h pairs take the
place of Cooper pairs, so the rat
equation remains the same.
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is formed. From pump-probe photoinduced transmission
periments in YBCO~Refs. 1 and 4! and BISCO,6 the relax-
ation times of the photoexcited QP’s were found to be in
rangetQP50.3–3 ps.

In addition to the picosecond transient, the signal
nanosecond time scale has been consistently observe
HTSC,2,6,11and recently also in quasi-one-dimensional CD
insulator K0.3MoO3.5 In Fig. 1 the photoinduced transien
taken on YBCO atT580 K is shown~squares!. After pho-
toexcitation (t50) the signal relaxes within 10 ps to som
nonzero value, that can be represented by the constant o
100 ps time scale.6 The lifetime of the slow componenttL
cannot be directly measured, since it appears to be lon
than the interpulse separation oft r.10–12 ns. This results
in the signal pileup due to accumulation of the response fr
many pulses. The magnitude of this pileup,A, given by the
difference in the signal amplitude when the pump pulse
unblocked~2!, and zero signal, when the pump is blocked~1!
at negative time delays~see Fig. 1!, is several times large
than the single pulse contribution,a0, given to be the differ-
ence between~4! and ~2!.

Assuming — for simplicity — that relaxation of the sig
nal is exponential, we can write an equation for the stea
state amplitudeA:

A5a0(
n50

`

exp~2ntr /tL!5a0 /@12exp~2t r /tL!#. ~1!

Usually, A@a0 and we can expand the exponent in the d
nominator of Eq.~1!, to obtain tL5t r(A/a0). From the
experiments2,5 it appears thattL.1027 s. This is long in
comparison with the phonon relaxation time and with t
phonon escape time from the excitation volume into the b
or thin-film substrate, which is typically 10210 s, so we can
ignore phonon escape effects and discuss only intrinsic
laxation processes.

The process giving rise to the actual photoinduced opt
signal from intragap states is shown as step 3 in Fig. 2~a!.
Here we do not discuss the optical probe process in de
but make the very general assumption that the photoindu
changein sample transmissionDT/T or reflectionDR/R is
proportional to the photoinduced density of localized sta
populated by the laser pump pulse. The photoinduced si
DT/T ~or DR/R) is then proportional to the number of fille
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localized states and theT dependence is mainly determine
by the occupation of the intragap states.

Since the relaxation timetL is long in comparison with
tQP and phonon relaxation times, we assume that phon
and quasiparticles can be described by equilibrium dens
Nv and N, respectively. For the relaxation of the localize
carriers we apply arguments similar to those originally p
posed by Rothwarf and Taylor.7 The rate equation for the
total density of localized excitationsNL is then given by

dNL

dt
52RNL

22g̃NL1gN1bNv . ~2!

The first term in Eq.~2! describes the recombination of tw
localized excitations to a Cooper pair with a recombinat
rateR. The second and third terms describe the exchang
an electron or a hole between the localized and quasipar
states with densityNL andN, respectively, and with a rate
g̃/g}exp(2DE/kBT) whereDE is the energy barrier betwee
trapped carriers and quasiparticles8. The last term describe
the spontaneous creation of localized excitations by phon
with a relaxation rateb. The four processes in Eq.~2! are
shown schematically in Fig. 2~b!.

Assuming the ansatz forNL5NL01nL , where NL0 is
equilibrium density of localized particles andnL is the photo-
induced density created by the laser pulse and taking
account thatNv andN are given by their equilibrium values
we can rewrite Eq.~2!:

dnL

dt
52RnL

22~2RNL01g̃ !nL . ~3!

This equation is sufficiently general that it can be applied
different superconductors and different gaps.~For the case of
a CDW gap, the Cooper pairs are replaced bye2h pairs.! In
this paper we consider~a! a superconductor with a BCS-lik
gap ~which can also be used in the case of a gap formed
a CDW! and ~b! a Bose condensate of preformed pairs w
a T independent gap. In the latter case, the gap is be
considered as an energy-level splitting between paired
unpaired states, and the main difference is that the gapT
independent and exists aboveTc . A general exact solution to
Eq. ~3! is given in the Appendix. Next we consider the lim
iting behavior at lowT and nearTc .
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In the case of a collective BCS-like gapDs(T), the re-
combination rate belowTc is to the lowest order inDs pro-
portional to the square of the order parameter:9,10

R.a@Ds~T!/Vc#
2, ~4!

wherea is a constant, andVc is the phonon spectrum cuto
frequency.@Above Tc all recombination processes disappe
as Ds(T)→0.] To relax the carriers in localized intraga
states via quasiparticle states@the termg̃nL in Eq. ~3!#, an
energy of the order ofDs is required and so this process
exponentially suppressed at low temperatures. The term
portional toNL0 is also small at low temperatures, becau
the number of thermally excited localized excitations
small as@kBT/Ds(0)#m, wherem depends on the density o
localized states. Therefore, for analysis of the relaxation
localized excitations at low temperaturesT!Tc , we retain
only the first term in Eq.~3! giving a solution of the form

nL~ t !5nL~0!/@nL~0!Rt11#. ~5!

To obtain the stationary solution for a repetitive las
pump pulse train excitation, we use the condition that
total number of localized excitations that recombine betw
two laser pulses should equal the number of localized e
tations created by each laser pulse:

nL~0!2nL~0!/@nL~0!Rtr11#5hnph~T!, ~6!

where h}gtQP5h8/D(T) is the probability of trapping a
QP into a localized state andnQP(T) is the number of photo-
induced QP’s at temperatureT created by each laser puls
Since the number of photoexcited carriers is typically sm
compared to the overall carrier densityhnQP!nL(0), we
can estimatenL(0) as

nL~0!5AhnQP~T!

Rtr
. ~7!

As a result, combining Eqs.~4! and~7! we get an expression
for the T dependence of the photoinduced transmission~or
reflection! amplitudeat low temperatures:

uDT/Tu}nL~0!5AhnQP~T!

at r

Vc

Ds~T!
, ~8!

wherenQP for a BCS-like case is given by4

nQP~T!

5
EI /~Ds~T!1kBT/2!

11@2n/N~0!\Vc#A2kBT/pD~T!exp@2Ds~T!/kBT#
.

~9!

Here EI is the energy density deposited per pulse,n is the
effective number of phonons per unit cell involved in t
relaxation process andN(0) is the density of states at th
Fermi energy in units eV21 cell21 spin21.

NearTc , when the number of thermally excited localize
carriers becomes comparable or larger than number of n
equilibrium carriers, the relaxation terms 2RNL0nL and g̃nL
become dominant, and the solution to Eq.~3! has an expo-
nential rather than a power law time dependence of the f
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nL(t)5nL(0)exp(2t/t), where 1/t5@2R(T)NL01g̃ #. For
T→Tc , the temperature dependence of the photoindu
signal amplitude is then given by

uDT/Tu}nL~0!5
hnQP~T!

@2NL0R~T!1g̃ #t r

. ~10!

Thus the predicted amplitude of the signal increases w
increasingT up to Tc and drops to zero aboveTc .

In the case of aT-independent gap~or ‘‘pseudogap’’! Dp,
we assume that the gap exists at all temperatures. Since
gap does not close atTc , the recombination rate does not g
to zero atTc and instead of Eq.~4! we have a constantG.

However, belowTc the presence of the condensate m
also have an effect on the recombination of localized exc
tions. In general, the relaxation rate is a function of the or
parameter. To take this into account, we can expand i
terms of even powers ofD. NearTc the order parameter is
small and we can keep only the lowest power inD2.13 If we
assume that the order parameter exhibits mean-field beha
(D}A12T/Tc), then

R.ã~12T/Tc!1G, ~11!

where ã is phenomenological constant which describes
dependence of the relaxation rate onT below Tc , which in
general is not equal to 0.

A slightly different expression forR is obtained if we
assume that the recombination rate is dependent on the
momentum in the condensate through the kinetic energy
illustrate this, we write the recombination rate asG5G0

1Ḡ whereḠ is the momentum averaged recombination ra
and G0 is the recombination rate for pairs withk50. The
recombination rate is generally proportional to the numbe
pairs in the condensatenp . For Bose condensation this i
given by np}@12(T/Tc)

3/2#, and we thus obtain a formula
for the total relaxation rate which is similar to Eq.~11!, but
with a different temperature dependence in the first term

R5~G02Ḡ !@12~T/Tc!
3/2#1Ḡ. ~12!

In principle the two cases~11! or ~12! can be distinguished
by measurements of theT dependence of the photoinduce
transmission or reflection belowTc , although the difference
will be very small and very high quality data is needed to
this.

To obtain the photoinduced signal amplitude, we sub
tute Eq.~11! into Eq. ~3!:

uDT/Tu}nL~0!5A nnQP8

$ã@12~T/Tc!
b#1G%t r

, ~13!

where b is a constant~generally 1 or 3/2! and nQP
8 is the

equivalent of formula~9! for the case of a temperature
independent gap:4

nQP8 5
EI /Dp

11@2n/N~0!\Vc#exp~2Dp/kBT!
. ~14!

In contrast to the BCS case, expression~13! is nonzero above
Tc and reduces to
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uDT/Tu}nL~0!5AnnQP8

Gt r
, ~15!

which implies that the photoinduced absorption signal sho
remain observable well aboveTc and should reveal the pres
ence of a pseudogap if it exists.

Just as before, a crossover to exponential time relaxa
takes place when the number of thermally excited excitati
become large and the second term in Eq.~3! becomes domi-
nant, i.e.,T;Dp, leading to a linear intensity dependence
uDT/Tu given by modified Eq.~10! with nQP8 andR from Eq.
~12!. Note that this crossover may occur at higher tempe
tures than experimentally measured sinceT-independent gap
is typically Dp@300 K.

III. COMPARISON WITH EXPERIMENTAL DATA

The temperature dependence ofuDT/Tu or uDR/Ru for
optimally doped YBa2Cu3O72d ~Refs. 2 and 11! and for
K0.3MoO3 ~Ref. 5! is plotted in Figs. 3~a! and 3~b!, respec-
tively. In both compounds the signal amplitude increa
with increasing temperature followed by an abrupt dr
aboveTc . Now we compare the predictedT dependences o
uDT/Tu @Eqs. ~8! and ~10!# with the data. The parameter
used in the fits are the same as previously used in the an
sis of the fast relaxation component4,5 with values of dimen-
sionless constant 2n/N(0)\Vc.30 for YBa2Cu3O72d ~Ref.
4! and.10 for K0.3MoO3.5 Since the magnitude of the ga
is of the order ofDc(0);5kTc we expect that Eq.~8! is
valid up to temperatures close toTc . In Figs. 3~a! and 3~b!
we show the calculated temperature dependences ofuDT/Tu
using Eq. ~8! in comparison with experimental data fo
YBa2Cu3O72d and K0.3MoO3, respectively. We would like
to stress that Eq.~8! is independent of the shape of density
states~DOS! of localized states within the gap and shows
universal temperature dependence. It can be seen from
3~b! that at low temperature there is deviation of the cal
lated curve from the experimental points. To explain t
effect we should remember that Eq.~4! for the rateR is valid
near Tc where Dc(T) is small. @If we add next — fourth-
order — term in the expansion ofR in powers ofDc(T) we
can account for this discrepancy.#

Near Tc Eq. ~8! fails and Eq.~10! should be used~see,
also, the Appendix!. It leads to a crossover from square-ro
intensity dependence ofuDT/Tu at low T described by Eq.
~8! to linear intensity dependence nearTc predicted by Eq.
~10!.

Finally let us discuss the effect ofg̃. In Figs. 3~a! and 3~b!
fits to the data using the general solution@Eq. ~A3!# are
shown with dashed lines. In these fits we have also added
fourth-order term in the expansion ofR in powers ofDc(T).
As can be seen from these fits the effect ofg̃ becomes im-
portant nearTc by cutting the divergence ofuDT/Tu as T
→Tc .

In Fig. 3~c! we have plotted calculated values ofuDT/Tu
}nL(0) for the case of temperature-independent pseudo
~which might be applicable in underdoped cuprates, for
ample! as a function of temperature for different values
parametera using Eq.~13!. As can be seen from Fig. 3~c!, in
this case slow relaxation via localized states is present
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aboveTc . This effect is due to temperature dependence
nQP8 controlled byT-independent pseudogap aboveTc .

In cuprate superconductors there is spectroscopic
dence suggesting that there is a significant density of st
in the gap possibly extending to the Fermi level, which
often attributed to ad-wave gap symmetry. However, b
normal spectroscopies it is difficult to determine if the sta
in the gap are QP states or, for example, localized sta

FIG. 3. ~a! The temperature dependence of the photoindu
absorption from localized states in YBa2Cu3O6.9 taken from Ref. 2
~open circles! and Ref. 11~solid circles!. The solid line is a plot of
expression~8! with Dc(0)/kBTc55 whereas the dashed line repr

sents a general solution@Eq. ~A3!# with nonzerog̃ term and addi-
tional fourth-order term in the expansionR in powers ofDc(T). ~b!
The temperature dependence of the photoinduced reflectio
K0.3MoO3 from Ref. 5 ~open circles! compared with the model fit
using Eq.~8! with Dc(0)/kBTc54.8 ~solid line!. The general solu-
tion @Eq. ~A3!# is represented by the dashed line.~c! The calculated
temperature dependence of the photoinduced absorption from lo
ized states in case ofT-independent pseudogap Eq.~13! with
Dp/kBTc58 and differenta/G ratios.
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Time-resolved spectroscopy can answer this question ra
effectively because of the different time- and temperatu
dependences of the QP’s and localized carrier relaxation
was argued that in the presence of impurity scattering
DOS in the d-wave state remains finite at zero energy14

Recently it was proposed15 that the quasiparticles in the su
perconducting state may become strongly localized for s
coherence lengthd-wave superconductors. However, th
statement has been questioned by Balatsky and Salkola16 and
remains controversial. On the basis of available experime
data we cannot make any definite conclusion aboutorigin of
intragap localized states.

We can, however, estimate the density of the intrag
states from the available data by assuming that the op
probe process~step 3! is similar for excited state absorptio
from localized states and for QP’s. Both optical probe p
cesses involve allowed transitions to the same final stateE2
and so this assumption is not unreasonable. From typ
photoinduced reflection data for YBCO~as in Fig. 1!, we
find that approximatelyuDT/TuL.uDT/TuQP , implying that
alsonL(0).nQP . From this we can conclude that the de
sity of intragap states iscomparablewith the density of QP
states. This observation has important implications for
interpretation of frequency-domain spectroscopies, sinc
suggests that the spectra should show a very significan
tragap spectral density due to localized states, irrespectiv
the gap symmetry.

Assuming that the optical transition probability of th
probe pulse is the same for QPs as for the intragap sta
from Eqs.~8! and ~9! we obtain

uDT/TuL
uDT/Tuqp

;
nL

nQP
5

htL

tr
, ~16!

whereuDT/Tuqp is the photoinduced transmission due to t
QP’s. From Fig. 1 typicallynL /nQP50.1–1 and using a
pulse repetition ratet r 5 12 ns and withtL5100 ns, we
obtain an estimate of the trapping probability for carriers
localized states ofh50.1–1. This estimate should be co
sidered as an upper limit ofh since we do not take into
account the differences in dipole matrix elements for
transition between localized and QP states.

A detailed discussion of the origin of the localized i
tragap states in the cuprates should be deferred until m
systematic data as a function of doping is available, and
only mention some of the most likely possibilities:~i! local-
ized states associated with the inhomogeneous ground
of the cuprates~stripes!,17 ~ii ! intrinsic defect states,~iii ! lo-
calized QP states ind-wave superconductor,15 and, possibly,
~iv! holons.18 In K0.3MoO3, the nature of intragap excitation
has been a subject of extensive study over the years an
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reader is referred to Ref. 12 for a review. However, the f
that the signals in K0.3MoO3 and YBa2Cu3O72d are very
similar appears to rule out both spin excitations and vor
states, leaving localized charges as the most plausible o
of the intragap states.

IV. CONCLUSIONS

To conclude, the calculated time and temperature dep
dence of the photoinduced absorption for the case of a B
like gap is found to be in good agreement with experimen
data from femtosecond time-resolved spectroscopy on
cuprate superconductor YBa2Cu3O72d near optimum doping
and the charge-density-wave insulator K0.3MoO3. We find
that time-resolved spectroscopy can very effectively dis
guish between QP states and localized states in the ga
rather surprising feature of the data is the remarkable se
ration of the QP response on the femtosecond time scale
the slow response of intragap state relaxation on the sca
hundreds of nanoseconds. In both materials we find a sig
cant intragap density of states, which displays very differ
time dynamics andT dependence than the QP states abo
the gap.
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APPENDIX

Analytic solution of Eq.~3! has the form

nL~ t !5
2NL0C exp~2t/t!

12C exp~2t/t!
. ~A1!

Here 1/t52NL0R1g̃. ConstantC can be found from the
following equation@see also Eq.~6!#:

nL~0!2nL~ t r !5hnQP . ~A2!

Combining these two equations one obtains the follow
form for nL(0):

nL~0!5NL0~11g̃/2RNL0!

3FA11
hnQP

NL0
2 ~11g̃/2RNL0!2Rtr

21G . ~A3!

This solution reduces to Eq.~8! if hnQP /NL0
2 (1

1g̃/2RNL0)2Rtr@1 and to Eq.~10! in the opposite limit.
h.

s.
1S.G. Han, Z. G. Vardeny, K. S. Wong, O. G. Simko, and
Koren, Phys. Rev. Lett.65, 2708~1990!.

2C.J. Stevens, D. Smith, C. Chen, J. F. Ryan, B. Podobnik,
Mihailovic, G. A. Wagner, and J. E. Evets, Phys. Rev. Lett.78,
2212~1997!; B. J. Feenstra, J. Schutzmann, D. van der Marel
P. Pinaya, and M. Decroux,ibid. 79, 4890~1997!.
.

.

.

3J. Demsar, B. Podobnik, V.V. Kabanov, D. Mihailovic, and T
Wolf, Phys. Rev. Lett.82, 4918~1999!.

4V.V. Kabanov, J. Demsar, B. Podobnik, and D. Mihailovic, Phy
Rev. B59, 1497~1999!.

5J. Demsar, D. Mihailovic, and K. Biljakovic´, Phys. Rev. Lett.83,
800 ~1999!.



, D
s,

re

M

,

tion
ua-
m,

1482 PRB 61V. V. KABANOV, J. DEMSAR, AND D. MIHAILOVIC
6T.N. Thomas, C. J. Stevens, A. G. S. Choudhary, J. F. Ryan
Mihailovic, T. Mertelj, L. Forro, G. Wagner, and J. E. Evet
Phys. Rev. B53, 12 436~1996!.

7A. Rothwarf and B.N. Taylor, Phys. Rev. Lett.19, 27 ~1967!.
8S.M. Ryvkin, Photoelectric Effects in Semiconductors~Consult-

ants Bureau, New York, 1964!.
9Yu.N. Ovchinnikov and V.Z. Kresin, Phys. Rev. B58, 12 416

~1998!.
10S.B. Kaplan, C. C. Chi, P. N. Lagenber, J. J. Chang, S. Jafa

and D. J. Scalapino, Phys. Rev. B14, 4854~1976!.
11D. Mihailovic, C. J. Stevens, B. Podobnik, J. Demsar,

Zavrtanik, D. Smith, and J. F. Ryan, Physica C282-287, 186
~1997!.
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