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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 DyBaO,;-; using photoinduced
activation of mm-wave absorption. We monitor the time evolution of the thin film transmissivity
at5 cm™! subject to pulsed infrared radiation. In addition to a positive bolometric signal we observe
a second, faster, decay with a sign opposite to the bolometric signal fer40 K. We attribute this
to the unusual properties of quasiparticles residing near the nodes of an unconventional superconductor,
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

The occurrence of zeros in the superconducting gap fomm-wave dielectric properties of these films has been
certain values of the momentunk at the Fermi surface given elsewhere [8,9].
of high T. superconductors has a number of intriguing The LaAlOQ; substrate supporting the film is plan
consequences for the dynamical behavior and lifetime oparallel, with a thicknes® = 0.054cm and a refractive
the quasiparticles at low temperatures, which has onljndex n = 4.70. At k/27 =~ 5cm~!, which is our
recently begun to attract the attention of researchers iprobe frequency, the dielectric function of the filpa|
the field. Because of the presence of these zeros (¢enges froml0* to 10° depending on temperature, while
nodes) the reduction in the superfluid fractignX [1,2]  (kd)~* = 3 X 10%. Hence the films are optically thin and
and specific heat [3] is proportional t&/'/?, where (kd)~? > |e| > 1. In that limit the Fresnel expression
H is the magnetic field. Also, a strong reduction of for transmission through the film/substrate system is
the quasiparticle scattering raté/¢) below 7. [4—6]
provides evidence that the dominant scattering mechanism
has an electronic signature.

In this Letter we present a study of the quasiparticle dy-
namics using photoinduced activation of mm-wave absorp-
tion (PIAMA). In this pump/probe experiment we use a
free electron laser [7] (FELIX) which is continuously tun-
able from 100 t®2000 cm™! as a pump to create a tempo-
rary excited state of a superconductor. FELIX produces
macropulses with a stepwise “off-on-off” intensity pro-
file (*on” for 3 <t < 7 ws in Fig. 1), consisting of 5000
micropulses (1-5 ps). The step response of the complex =
dielectric constant is monitored atcm™! using the com- o ks
bination of a backward wave oscillator (BWO) and a fast
waveguide diode detector as a probe to measure the trans- I
mission through a superconducting film as a function of ~0.002
time. The mm-wave detector circuit was selected as a I
compromise between sensitivity and speed of detection, re-
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sulting in an overall time resolution of &s. This choice -0.004

of experimental parameters is optimal for the detection of B T
small changes induced in the dielectric function by the in- 0 5 10 15 20 25 30
frared (IR) pulse at, as we will see, the scale of the lifetime Time (us)

of nonequilibrium superconductivity in high.’s. FIG. 1. Change in transmissiod/, for DyBaCu;0;-5 on

We used films of DyBaCu;O;_s which were prepared LaAlO;, shown for several temperatures. The far-infrared
by rf sputtering on LaAlQ@ substrates. The film thickness Pulse enhances transmission at low temperatures, while it re-

was 20 nm andl, was 88 K. Optimal surface quality duces it at temperatures higher than 40 K. The exponential
¢ : fits are shown as the solid lines. Inset, upper right corner:

was obtained by using Dy inStea,d of Y. Thi_s SUbSﬂtum_)ntemperature dependence of the unperturbed transmission at 4
does not affect the superconducting properties. A detaileginds cm™!. Inset, lower right corner: Temperature depen-

description of the preparation, characterization and théence of the faster relaxation times.
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) CoSys . .9 siny |2 ir/3 at5 K to zero forT > 40 K. The prefactor of the
Iy =2 — ikde)=—= — (i + in" + kde)— = | , fast component4 < 7z < 25 us) changes sign at 40 K.
(1) The changes in transmission as a function of pump fre-
quency show a rather nonmonotonic behavior and have
wherey = nkD. The effect of increasing the tempera- peen summarized in Fig. 2 for several temperatures rang-
ture is to transfer spectral weight from the condensate téhg from 5 to 60 K. Plotted are the maxima (minima) of the
the quasiparticles, while at the same time reducing th@ositive (negative) peak intensities obtained after calibrat-
quasiparticle lifetime. The net result is that bd)@hl and |ng against the Changes in incident power. For Compari-
e" are reduced as the temperature increases, and the thin we display in the same figure the absorption coefficient
film transmission increases. In the inset in Fig. 1 thein the superconducting film, = 1 — R; — T, of the IR
mm-wave transmission through a Dyas 05 film of  Jight, whereR; is the reflectivity of the substrate-supported
20 nm thickness on a LaAlOsubstrate is displayed for film, and 7; is the transmission through the film into the
k/2m = 5cm ! and fork/2m = 4 cm™!. The former sypstrate. We calculateg without adjustable parameters
corresponds to a larger sensitivity to the quasiparticlegrom the experimentally determined and c-axis dielec-
(represented by") as compared to the latter frequency. tric function of YBaCuO [10,11] and LaAlQ[12] using
A detailed analysis has been given elsewhere [9]. Mosfhe Fresnel equations for light of mixed polarization inci-
significant for the identification of a possible bolometric dent at an angle of 45n a 20 nm thickg-axis oriented
response is thenonotonictemperature dependence of the YBacuO film on a LaAlQ substrate, identical to the ex-
transmission over the entire temperature interval. perimental situation. Optical absorption in the substrate
In Fig. 1 the photoinduced change in transmissi®NX  occurs at 185, 427, ans1 cm™'. For the filmA; has
of the same film is shown between 5 and 65 K. The probgninima at these frequencies and maxima at 290, 600, and
frequency is5 cm™'. The pump frequency i%/27 = 760 cm!, which is due to resonant reflection at the sub-
800 cm™', with a power of =10 mJ/pulse. Here and strate/film interface for frequencies matched to the longitu-
in Fig. 2 the curves have been calibrated against variadinal phonons of the substrate. The main conclusion from
tions in the incident power of FELIX. We see that for Fig. 2 is thats1, tracks the laser power deposited in the
temperatures lower than 40 K, the IR pulse enhances th@m, not in the substrate. This demonstrates that PIAMA
transmiSSiVity of the thin film. However, around 40 K the probes Changes in the physica| state of the Superconduc-

situation changes and the transmission after the IR puls@r, while secondary effects due to substrate heating can
is reduced instead.§1; is smaller at higher tempera- pe excluded.

tures and becomes undetectable above 75 K. The ordinary The amplitude of the slow componentg, in Fig. 1

monotonichehavior seen in the temperature dependencgorresponds to an increase in temperature of 130ahd
of the unperturbed mm-wave transmission indicates that for the 5 andt0 K curves, respectively. A crude estimate
simple heating of the sample cannot account for the fachf the increase in temperature based on the input laser
that 61, < 0 above 40 K. The fits shown in Fig. 1 cor- power and the specific heat of the film/substrate system
respond to a linear combination of a SlOV\bI and a fast gives AT =9 and 0.2 K, respective|y_ We therefore
(7r) decay:81, = ige™ /™ + ige”/"*. The slow com- attribute the slow response to bolometric heating of the
ponentiz has a weak time dependences (> 45 1S)  film/substrate system. At higher temperatures the specific
on the interval displayed in Fig. 1 and is reduced fromheat is too large, and 7 is insignificant. We observed
a similar bolometric response for MgO supported NbN
thin superconducting films, in which case the faster decay
was absent within the limitations of the time resolution of
our detector. A more extensive discussion of this work is
presented elsewhere [13].

Let us now consider the faster decay,. For suffi-
ciently low frequenciesd¢r < 1) the inductive response
is proportional to the condensate amplitudé ¢ p,), and
will be reduced during and following the IR pulse, so
that 6p;, < 0. Here we are interested in the behavior
of the quasiparticle response, which is represented by the
finite value ofe”. The latter is proportional to the den-
sity of quasiparticles and their lifetime’( « py,7). Be-
L L cause of transfer of spectral weight from the condensate
0 500 1000 1500 to the quasiparticle peak we expect th&p,, > 0 in

Frequency (cm™1) the nonequilibrium state following the IR pulse. With

FIG. 2. NormalizedéI, as a function of frequency, shown PIAMA we attempt to probe the time evolution of varia-

for temperatures ranging from 5 to 60 K. Also shown is thetions in the volume density of quasiparticle®o,). The
absorptivity within the film (solid line). highest sensitivity to the latter variations relative to those
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of the condensate is obtained for gbs= 0, which is also levels accessible to a quasiparticle have an enérggo
the experimental situation in Figs. 1 and 2. In that casehat the quasiparticles are equally distributed along the

the transmission coefficient varies as Fermi surface. In al-wave superconductor one expects
5 quite different behavior: While cooling down to an en-
2n 1129Ps n 2 " ergy of orderkgT, the excess quasiparticles relax toward
— 61, = —[kde'}"—— — kde"[1 + n” + kde"] gy g1, N > quasip :
i Ps the nodes. After this relaxation is completed, recombina-
OpapT tion processes will only generate phonons with an energy

P (2  of order kzT and momentum of ordekiq,, = kgT /vy,
ap whereu, is the sound velocity. AF < kyuvy, it follows
Immediately following the laser excitation the excessthatg,, < kr. Hence most recombination processes will
guasiparticles have an enhanced nonequilibrium temperaavolve two quasiparticles in nodes at opposite sides of the
ture T*. During a short time interval of order 1 ns the Fermi surface. The coherence facMy;. is proportional
quasiparticles thermalize to the equilibrium temperatureto A, /kgT, which becomes zero at the nodes. Hence our
If the quasiparticle recombination timeg( is long com-  first observation is that the quasiparticles relax to those
pared to the thermalization time, this leads to a transientegions where the gap has its zeros, thus separating them
state withcold excess quasiparticles, whepg, is larger  from the region ink space with the largest pairing ampli-
than the equilibrium value, but whereis at its equilib- tude. This in turn leads to a strong suppression of quasi-
rium value, resulting in &1, which is negative. Note particle recombination processes. This first observation is
that this situation is different from ordinary heating of therobust, and applies to genetfalvalues of the nodes, but
sample, where the quasiparticle peak also broad®&ns(  also if zeros of the gap occur in coordinate space, e.g., in
0). The net result in the latter case is a reductioredf  the chain bands, at defects, vortices, etc.
The possibility of cold excess quasiparticles was the sub- For an isotropics-wave superconductor energy con-
ject of extensive investigations in conventional superconservation requires that the recombination process is fully
ductors [14-16]. suppressed iRA exceeds the Debye frequency. For a
The coefficients in Eq. (2) are such [13] that below 40 Kd-wave superconductor the situation is perhaps even more
81, is dominated by p, (causingdI, > 0), whereas above intriguing. In thermal equilibrium the quasiparticles are
40 K 8 pqp dominates (resulting inZ, < 0). Interestingly —concentrated near the nodes. Near the nodes the two-
40 K presents a borderline case, whéig switches sign dimensional energy-momentum relation has the functional
from positive to negative when the pump intensity exceed$orm E7 = (9;A)*k? + h2v}k}, wherek, andk; are the
a threshold value. This observation is consistent with anomenta parallel and perpendicular to the Fermi sur-
series of experiments as a function of incident laser powefface measured relative to the node, a@na is the trans-
pulse duration, and pump frequency [13]. verse momentum derivative of the superconducting gap at
A lifetime of several microseconds for the nonequilib-the node. Ifa;A (70 meV A at 4 K [17]) exceeds the
rium state is surprisingly long compared to typical val-sound velocity ¢; = 30 meV A [18]), the constraints on
ues reported for conventional superconductors, rangingnomentum and energy conservation cannot be satisfied,
from 1 nsto 1us. Before discussing those considerationdeading to a suppression of this process. Hence our
which are specific to the high. superconductors we recall second observation is that the phonon-assisted quasi-
that the most important processes responsible for inelaparticle recombination is suppressed due to kinematical
tic scattering are electron-electron interactions and inelasonstraints when a large gap opens. An analogy exists
tic scattering by spin and charge fluctuations and phononso the A phase in superfluidHe, where the relaxation
At this point we want to stress that a net decrease of theate of quasiparticles near the nodes has an algebraic
numberof quasiparticles only results from phonon-assisted7*) temperature dependence due to the reduction of the
quasi-particle-pair recombination, i.e., events where twavailable phase space in the superfluid phase [19]. To-
quasiparticles with momentumik and 7ik’ and energy gether these arguments imply that there is a strong sup-
E, and E;, are converted to a Cooper pair and a phonorpression of quasiparticle phonon scattering near the nodes,
with momentunvi(k + k') and energy),+«. A similar  in particular of quasiparticle recombination processes.
conversion of quasiparticle pairs into electronic collectiveWe used Fermi’'s golden rule [20]
modes may exist. However, as such modes can not es:
cape into the substrate, they will be converted back andz
forth into quasiparticles without reducing the lifetime of

(1 +n Sq/_k
{_k _ Zglekkflzlm fkfk( q) k
R

e Eix + Ep — Q4 —i07°

the excited electron plasma. Jr _ Z 2L |23q+k

In the cuprates several factors conspire to suppress theg- o & 1kl O
phonon-assisted quasiparticle recombination processes. ’ ol = fodng + fol = £ + ny)
The vertex for phonon-assisted quasiparticle recombina- X Im K — g
tion is the bare electron-phonon coupling constagit ( Ev = Ex = Qg = 00
multiplied by the coherence factdfy = upvi + viuy. (3

In isotropic s-wave superconductors the lowest energyto compute the thermal averages of the recombination
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1000k ' ' ' ] of the two electron-phonon time constantg and 7;

5 : presented above.

S 100k ] In conclusion, we have observed a nonequilibrium state
o with a lifetime of several microseconds in DyRau; O,

.§ 10k 4 using photoinduced activation of mm-wave absorption.
a SN 3 The nonequilibrium state is clearly distinct from bolomet-

3 1k TS 4 ric heating of the superconductor. The long time constant
B i a seems to reveal an unusually long quasiparticle recombi-
< 01y TR T Yo pae4 g nation time, which can be understood as a consequence of
e g ! 3 the highly peculiar nature of quasiparticles near the nodes

001 b 1 v in these materials. Along with other factors, such as the
' ' ’ amplitude of the gap, the presence of nodes distinguishes
these materials from conventional superconductors.
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