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Nonequilibrium Superconductivity and Quasiparticle Dynamics Studied
by Photoinduced Activation of mm-Wave Absorption
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We present a study of nonequilibrium superconductivity in DyBa2Cu3O72d using photoinduced
activation of mm-wave absorption. We monitor the time evolution of the thin film transmissivity
at 5 cm21 subject to pulsed infrared radiation. In addition to a positive bolometric signal we observ
a second, faster, decay with a sign opposite to the bolometric signal forT . 40 K. We attribute this
to the unusual properties of quasiparticles residing near the nodes of an unconventional supercondu
resulting in a strong enhancement of the recombination time. [S0031-9007(97)04710-8]

PACS numbers: 74.25.Gz, 63.20.Ls, 74.40.+k, 74.76.–w
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The occurrence of zeros in the superconducting gap
certain values of the momentum̄h $k at the Fermi surface
of high Tc superconductors has a number of intriguin
consequences for the dynamical behavior and lifetime
the quasiparticles at low temperatures, which has o
recently begun to attract the attention of researchers
the field. Because of the presence of these zeros
nodes) the reduction in the superfluid fraction (rs) [1,2]
and specific heat [3] is proportional toH1y2, where
H is the magnetic field. Also, a strong reduction
the quasiparticle scattering rate (1yt) below Tc [4–6]
provides evidence that the dominant scattering mechan
has an electronic signature.

In this Letter we present a study of the quasiparticle d
namics using photoinduced activation of mm-wave abso
tion (PIAMA). In this pump/probe experiment we use
free electron laser [7] (FELIX) which is continuously tun
able from 100 to2000 cm21 as a pump to create a tempo
rary excited state of a superconductor. FELIX produc
macropulses with a stepwise “off-on-off ” intensity pro
file (“on” for 3 , t , 7 ms in Fig. 1), consisting of 5000
micropulses (1–5 ps). The step response of the comp
dielectric constant is monitored at5 cm21 using the com-
bination of a backward wave oscillator (BWO) and a fa
waveguide diode detector as a probe to measure the tr
mission through a superconducting film as a function
time. The mm-wave detector circuit was selected a
compromise between sensitivity and speed of detection
sulting in an overall time resolution of 1ms. This choice
of experimental parameters is optimal for the detection
small changes induced in the dielectric function by the
frared (IR) pulse at, as we will see, the scale of the lifetim
of nonequilibrium superconductivity in highTc ’s.

We used films of DyBa2Cu3O72d which were prepared
by rf sputtering on LaAlO3 substrates. The film thicknes
was 20 nm andTc was 88 K. Optimal surface quality
was obtained by using Dy instead of Y. This substituti
does not affect the superconducting properties. A deta
description of the preparation, characterization and
0031-9007y97y79(24)y4890(4)$10.00
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mm-wave dielectric properties of these films has bee
given elsewhere [8,9].

The LaAlO3 substrate supporting the film is plan
parallel, with a thicknessD  0.054 cm and a refractive
index n  4.70. At ky2p ø 5 cm21, which is our
probe frequency, the dielectric function of the filmjej

ranges from104 to 106 depending on temperature, while
skdd22 ø 3 3 108. Hence the films are optically thin and
skdd22 ¿ jej ¿ 1. In that limit the Fresnel expression
for transmission through the film/substrate system is

FIG. 1. Change in transmission,dIt for DyBa2Cu3O72d on
LaAlO3, shown for several temperatures. The far-infrare
pulse enhances transmission at low temperatures, while it
duces it at temperatures higher than 40 K. The exponent
fits are shown as the solid lines. Inset, upper right corne
temperature dependence of the unperturbed transmission a
and 5 cm21. Inset, lower right corner: Temperature depen
dence of the faster relaxation time,tR .
© 1997 The American Physical Society
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wherec  nkD. The effect of increasing the tempera
ture is to transfer spectral weight from the condensate
the quasiparticles, while at the same time reducing
quasiparticle lifetime. The net result is that bothje0j and
e00 are reduced as the temperature increases, and the
film transmission increases. In the inset in Fig. 1 t
mm-wave transmission through a DyBa2Cu3O72d film of
20 nm thickness on a LaAlO3 substrate is displayed fo
ky2p  5 cm21 and for ky2p  4 cm21. The former
corresponds to a larger sensitivity to the quasipartic
(represented bye00) as compared to the latter frequenc
A detailed analysis has been given elsewhere [9]. M
significant for the identification of a possible bolometr
response is themonotonictemperature dependence of th
transmission over the entire temperature interval.

In Fig. 1 the photoinduced change in transmission (dIt)
of the same film is shown between 5 and 65 K. The pro
frequency is5 cm21. The pump frequency isky2p 
800 cm21, with a power of.10 mJypulse. Here and
in Fig. 2 the curves have been calibrated against va
tions in the incident power of FELIX. We see that fo
temperatures lower than 40 K, the IR pulse enhances
transmissivity of the thin film. However, around 40 K th
situation changes and the transmission after the IR pu
is reduced instead.dIt is smaller at higher tempera
tures and becomes undetectable above 75 K. The ordi
monotonicbehavior seen in the temperature depende
of the unperturbed mm-wave transmission indicates th
simple heating of the sample cannot account for the f
that dIt , 0 above 40 K. The fits shown in Fig. 1 cor
respond to a linear combination of a slow (tB) and a fast
(tR) decay:dIt  iBe2tytB 1 iRe2tytR . The slow com-
ponent iB has a weak time dependence (tB ¿ 45 ms)
on the interval displayed in Fig. 1 and is reduced fro

FIG. 2. NormalizeddIt as a function of frequency, show
for temperatures ranging from 5 to 60 K. Also shown is t
absorptivity within the film (solid line).
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iRy3 at 5 K to zero forT . 40 K. The prefactor of the
fast component (4 , tR , 25 ms) changes sign at 40 K.
The changes in transmission as a function of pump fr
quency show a rather nonmonotonic behavior and ha
been summarized in Fig. 2 for several temperatures ran
ing from 5 to 60 K. Plotted are the maxima (minima) of the
positive (negative) peak intensities obtained after calibra
ing against the changes in incident power. For compa
son we display in the same figure the absorption coefficie
in the superconducting filmAf  1 2 Rf 2 Tf of the IR
light, whereRf is the reflectivity of the substrate-supported
film, and Tf is the transmission through the film into the
substrate. We calculatedAf without adjustable parameters
from the experimentally determineda- andc-axis dielec-
tric function of YBaCuO [10,11] and LaAlO3 [12] using
the Fresnel equations for light of mixed polarization inci
dent at an angle of 45± on a 20 nm thick,c-axis oriented
YBaCuO film on a LaAlO3 substrate, identical to the ex-
perimental situation. Optical absorption in the substra
occurs at 185, 427, and651 cm21. For the film Af has
minima at these frequencies and maxima at 290, 600, a
760 cm21, which is due to resonant reflection at the sub
strate/film interface for frequencies matched to the longit
dinal phonons of the substrate. The main conclusion fro
Fig. 2 is thatdIt tracks the laser power deposited in th
film, not in the substrate. This demonstrates that PIAM
probes changes in the physical state of the supercond
tor, while secondary effects due to substrate heating c
be excluded.

The amplitude of the slow component,tB, in Fig. 1
corresponds to an increase in temperature of 13 and0.2 K
for the 5 and40 K curves, respectively. A crude estimate
of the increase in temperature based on the input las
power and the specific heat of the film/substrate syste
gives DT  9 and 0.2 K, respectively. We therefore
attribute the slow response to bolometric heating of th
film/substrate system. At higher temperatures the speci
heat is too large, andDT is insignificant. We observed
a similar bolometric response for MgO supported NbN
thin superconducting films, in which case the faster dec
was absent within the limitations of the time resolution o
our detector. A more extensive discussion of this work
presented elsewhere [13].

Let us now consider the faster decay,tR. For suffi-
ciently low frequencies (vt ø 1) the inductive response
is proportional to the condensate amplitude (e0 ~ rs), and
will be reduced during and following the IR pulse, so
that drs , 0. Here we are interested in the behavio
of the quasiparticle response, which is represented by t
finite value ofe00. The latter is proportional to the den-
sity of quasiparticles and their lifetime (e00 ~ rqpt). Be-
cause of transfer of spectral weight from the condensa
to the quasiparticle peak we expect thatdrqp . 0 in
the nonequilibrium state following the IR pulse. With
PIAMA we attempt to probe the time evolution of varia-
tions in the volume density of quasiparticles (drqp). The
highest sensitivity to the latter variations relative to thos
4891
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of the condensate is obtained for cosc  0, which is also
the experimental situation in Figs. 1 and 2. In that ca
the transmission coefficient varies as

2n2

I2
t

dIt  2fkde0 g2 drs

rs
2 kde00f1 1 n2 1 kde00g

3
drqpt

rqpt
. (2)

Immediately following the laser excitation the exce
quasiparticles have an enhanced nonequilibrium temp
ture T p. During a short time interval of order 1 ns th
quasiparticles thermalize to the equilibrium temperatu
If the quasiparticle recombination time (tR) is long com-
pared to the thermalization time, this leads to a transi
state withcold excess quasiparticles, whererqp is larger
than the equilibrium value, but wheret is at its equilib-
rium value, resulting in adIt which is negative. Note
that this situation is different from ordinary heating of th
sample, where the quasiparticle peak also broadens (dt ,

0). The net result in the latter case is a reduction ofe00.
The possibility of cold excess quasiparticles was the s
ject of extensive investigations in conventional superco
ductors [14–16].

The coefficients in Eq. (2) are such [13] that below 40
dIt is dominated bydrs (causingdIt . 0), whereas above
40 K drqp dominates (resulting indIt , 0). Interestingly
40 K presents a borderline case, wheredIt switches sign
from positive to negative when the pump intensity excee
a threshold value. This observation is consistent with
series of experiments as a function of incident laser pow
pulse duration, and pump frequency [13].

A lifetime of several microseconds for the nonequili
rium state is surprisingly long compared to typical va
ues reported for conventional superconductors, rang
from 1 ns to 1ms. Before discussing those consideratio
which are specific to the highTc superconductors we reca
that the most important processes responsible for ine
tic scattering are electron-electron interactions and ine
tic scattering by spin and charge fluctuations and phono
At this point we want to stress that a net decrease of
numberof quasiparticles only results from phonon-assist
quasi-particle-pair recombination, i.e., events where t
quasiparticles with momentum̄hk and h̄k0 and energy
Ek and Ek0 are converted to a Cooper pair and a phon
with momentumh̄sk 1 k0 d and energyVk1k0 . A similar
conversion of quasiparticle pairs into electronic collecti
modes may exist. However, as such modes can not
cape into the substrate, they will be converted back a
forth into quasiparticles without reducing the lifetime o
the excited electron plasma.

In the cuprates several factors conspire to suppress
phonon-assisted quasiparticle recombination proces
The vertex for phonon-assisted quasiparticle recombi
tion is the bare electron-phonon coupling constantg)
multiplied by the coherence factorMkk0  uk0yk 1 yk0uk .
In isotropic s-wave superconductors the lowest ener
4892
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levels accessible to a quasiparticle have an energyD, so
that the quasiparticles are equally distributed along t
Fermi surface. In ad-wave superconductor one expect
quite different behavior: While cooling down to an en
ergy of orderkBT , the excess quasiparticles relax towar
the nodes. After this relaxation is completed, recombin
tion processes will only generate phonons with an ener
of order kBT and momentum of order̄hqph ø kBTyys,
whereys is the sound velocity. AsT ø kFys, it follows
thatqph ø kF . Hence most recombination processes w
involve two quasiparticles in nodes at opposite sides of t
Fermi surface. The coherence factorMkk0 is proportional
to DkykBT , which becomes zero at the nodes. Hence o
first observation is that the quasiparticles relax to tho
regions where the gap has its zeros, thus separating th
from the region ink space with the largest pairing ampli
tude. This in turn leads to a strong suppression of qua
particle recombination processes. This first observation
robust, and applies to generalk values of the nodes, but
also if zeros of the gap occur in coordinate space, e.g.
the chain bands, at defects, vortices, etc.

For an isotropics-wave superconductor energy con
servation requires that the recombination process is fu
suppressed if2D exceeds the Debye frequency. For
d-wave superconductor the situation is perhaps even m
intriguing. In thermal equilibrium the quasiparticles ar
concentrated near the nodes. Near the nodes the t
dimensional energy-momentum relation has the function
form E2

k  s≠kDd2k2
t 1 h̄2y

2
Fk2

l , wherekt andkl are the
momenta parallel and perpendicular to the Fermi su
face measured relative to the node, and≠kD is the trans-
verse momentum derivative of the superconducting gap
the node. If≠kD (70 meV Å at 4 K [17]) exceeds the
sound velocity (ys  30 meV Å [18]), the constraints on
momentum and energy conservation cannot be satisfi
leading to a suppression of this process. Hence o
second observation is that the phonon-assisted qu
particle recombination is suppressed due to kinemati
constraints when a large gap opens. An analogy exi
to the A phase in superfluid3He, where the relaxation
rate of quasiparticles near the nodes has an algeb
(T4) temperature dependence due to the reduction of
available phase space in the superfluid phase [19]. T
gether these arguments imply that there is a strong s
pression of quasiparticle phonon scattering near the nod
in particular of quasiparticle recombination processe
We used Fermi’s golden rule [20]X

k

fk

tR


X
k,k0

g2jMkk0 j2Im
fkfk0s1 1 nqddq2k

k0

Ek 1 Ek0 2 Vq 2 i01
,

X
k

fk

ti


X
k,k0

g2jLkk0 j2d
q1k
k0

3 Im
fks1 2 fk0dnq 1 fk0s1 2 fkd s1 1 nqd

Ek0 2 Ek 2 Vq 2 i01

(3)

to compute the thermal averages of the recombinati



VOLUME 79, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 DECEMBER 1997

r

a

f
i

d

io
e

e
in
to
K
y
t
th
o

y
x

e
e
y
e

in
ti

te

.

nt
i-
of
s

e
es

-

h,

.

,

,

FIG. 3. Calculated temperature dependence of the quasipa
cle phonon scattering time (ti , triangles) and the quasiparticle
recombination time (tR , squares).

lifetime tR and the inelastic scattering timeti nu-
merically. Here fk and nq are the Fermi-Dirac and
Bose-Einstein distribution functions of quasiparticles an
phonons, respectively, andLkk0  uk0yk 2 yk0uk . We
adopted adx22y2 order parameter withDmax  25 meV.
The resulting temperature dependence oftR andti is dis-
played in Fig. 3. Most importantly we notice thattR ¿
ti at all temperatures. The same calculation assuming
isotropic s-wave gap confirms the earlier result thattR

and ti are equal forT ! Tc in s-wave superconductors
[21]. A small admixture ofs-wave symmetry of the type
“d 1 s” merely breaks the fourfold rotation symmetry o
the quasiparticle dispersion, without affecting the phys
cal picture. With an admixture of the type “d 1 is” the
energy of the quasiparticles near the nodes is increase
E2

k  s≠kDd2k2
t 1 h̄2y

2
Fk2

l 1 D2
s , causing a further sup-

pression of the available phase space for recombinat
processes, whilejMkk0 j increases near the nodes. The n
effect ontR depends on≠kD, yF , andDs.

Finally we discuss our observations in relation to tim
scales obtained with other experimental techniques. Us
microwave experiments the scattering time is found
change from 100 fs at 90 K to less than 10 ps at 40
With pump/probe experiments using visible light a deca
of 0.2 ps has been observed, which was associated with
lifetime of quasiparticles near the Fermi energy, along wi
a second slow decay of at least 20 ns [22]. A relaxati
of the resistivity within a few nanoseconds [23] has bee
attributed to nonequilibrium quasiparticle generation b
hot phonons. Based on an analysis of the critical flu
flow velocity Doettingeret al. [24] determined an inelastic
scattering time ranging from 10 ps at 80 K to 0.1ms at
40 K. The time scale of several microseconds report
in this Letter is much longer. We attribute this to th
fact that the quasiparticle recombination time is alwa
longer than the inelastic scattering time, which is th
sum of all electron-electron and electron-phonon scatter
processes, as is demonstrated by the numerical calcula
ti-
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of the two electron-phonon time constantstR and ti

presented above.
In conclusion, we have observed a nonequilibrium sta

with a lifetime of several microseconds in DyBa2Cu3O72d

using photoinduced activation of mm-wave absorption
The nonequilibrium state is clearly distinct from bolomet-
ric heating of the superconductor. The long time consta
seems to reveal an unusually long quasiparticle recomb
nation time, which can be understood as a consequence
the highly peculiar nature of quasiparticles near the node
in these materials. Along with other factors, such as th
amplitude of the gap, the presence of nodes distinguish
these materials from conventional superconductors.

We gratefully acknowledge the assistance by the FE
LIX staff, in particular A. F. G. van der Meer. Fur-
thermore we thank W. N. Hardy, D. I. Khomskii, and
O. Fisher for their stimulating comments during the
preparation of this manuscript and A. Wittlin for fruitful
discussions at the initial stage of this project.

*Present address: Center of Superconductivity Researc
University of Maryland, College Park, MD 20742-4111.

[1] G. E. Volovik, JETP Lett.58, 469 (1993).
[2] B. Parkset al., Phys. Rev. Lett.74, 3265 (1995).
[3] K. A. Moler et al., Phys. Rev. Lett.73, 2744 (1994).
[4] M. C. Nusset al., Phys. Rev. Lett.66, 3305 (1991).
[5] D. A. Bonn et al., Phys. Rev. Lett.68, 2390 (1992).
[6] K. Krishana, J. M. Harris, and N. P. Ong, Phys. Rev. Lett

75, 3529 (1995).
[7] G. M. Knippelset al., Phys. Rev. Lett.75, 1755 (1995).
[8] Roberto Pérezet al., IEEE Trans. Appl. Supercond.7,

1877 (1997).
[9] B. J. Feenstraet al., Physica (Amsterdam)278C, 213

(1997).
[10] D. van der Marelet al., Phys. Rev. B43, 8606 (1991).
[11] R. Gajicet al., J. Phys. Condens. Matter4, 1643 (1992).
[12] Z. M. Zhanget al., J. Opt. Soc. Am. B11, 2252 (1994).
[13] B. J. Feenstra, Ph.D. thesis, University of Groningen

1997.
[14] L. R. Testardi, Phys. Rev. B4, 2189 (1971).
[15] A. Rothwarf, G. A. Sai-Halasz, and D. N. Langenberg

Phys. Rev. Lett.33, 212 (1974).
[16] C. S. Owen and D. J. Scalapino, Phys. Rev. Lett.28, 1559

(1972).
[17] Matthias C. Schabelet al., Phys. Rev. B55, 2796 (1997).
[18] W. Reichardtet al., Physica (Amsterdam)162C–164C,

464 (1989).
[19] D. Vollhardt and P. Wölfle, The Superfluid Phases

of Helium 3, (Taylor & Francis, London, New York,
Philadelphia, 1990).

[20] J.-J. Chang, inNonequilibrium Superconductivity, Pho-
nons and Kapitza Boundaries,edited by Kenneth E. Gray
(Plenum Press, New York, 1981).

[21] S. B. Kaplanet al., Phys. Rev. B15, 3567 (1977).
[22] C. J. Stevenset al., Phys. Rev. Lett.78, 2212 (1997).
[23] N. Bluzer, Phys. Rev. B44, 10 222 (1991).
[24] S. G. Doettingeret al., Phys. Rev. Lett.73, 1691 (1994).
4893


