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Temperature and laser power dependence of femtosecond optical pair-breaking rate in optimally
doped YBa2Cu3O7Àd epitaxial thin films
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The temperature and laser power dependence of the femtosecond optical pair-breaking rate in optimally
doped Y1Ba2Cu3O72d epitaxial thin films are studied. The temperature dependence is consistent with numeri-
cal simulations using the kinetic inductance model and the Rothwarf-Taylor theory. The laser power depen-
dence shows strong nonlinear behavior. The magnitude of the nonlinearity, and its significant and systematic
temperature and photon energy dependence, cannot be accounted for by the kinetic inductance model and the
Rothwarf-Taylor theory, demonstrating the complexity of nonequilibrium superconductivity in high-
temperature superconductors.
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Investigations of the ultrafast optical response of hig
temperature superconducting thin films have attracted c
siderable attention ever since high-temperature supercon
tivity was discovered in 1986.1 These studies were motivate
by the practical interest in developing ultrafast, ultrasen
tive, and broadband photodetectors as well as the phy
interest in the exploration of nonequilibrium dynamics
strongly correlated electron systems in search of the fun
mental mechanism of high-temperature superconductiv
To this end, two experimental methods have been gene
employed. One is the pump and probe measurement sch
including the electric-optic~EO! sampling technique2–6

while the other is the transient photoimpedance respo
measurement.7–10

The pump and probe measurement scheme has the ad
tage of high temporal resolution and can provide import
information about the nonequilibrium quasiparticle dynam
of high-temperature superconductors in the time domain.
ing femtosecond pulsed optical radiation and a subpico
ond EO sampling system, electrical transients of sing
picosecond duration from a current biased YBa2Cu3O72d
~YBCO! microbridge have been observed.5,6 The nonequilib-
rium quasiparticle dynamics have been successfully mod
using either the two-temperature model11 for the optical re-
sponse in the resistive state, or the kinetic inductance mo7

and the Rothwarf-Taylor theory12 in the superconducting
state. The transient photoimpedance response experim
despite its lower time resolution, has the advantage of a s
pler experimental setup, high signal-to-noise ratio, and, m
importantly, direct correlation with electron pairing due to
optical pump and electrical probe measurement schem
sharp resonant triplet fine structure was observed in fem
second optical pair-breaking spectroscopy of optima
doped, underdoped, and Zn-doped YBCO thin films near
eV,8 which is consistent with the earlier all-optica
measurements.4,13–15It was proposed that the charge trans
excitonic excitation associated with the Cu-O plane might
the origin of this resonant feature. The systematics of
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data strongly suggests the presence of insulating dom
even in the superconducting state of the YBCO system o
a subpicosecond time scale and is consistent with the e
tronic phase separation model of high-temperat
superconductivity.16–21 In this article, we present a compre
hensive study of laser power and temperature dependen
the femtosecond optical pair-breaking rate in optima
doped YBCO thin films. Upon analysis of the kinetic indu
tive optical response using the conventional Rothwarf-Tay
theory, it is found that although this simple model can p
vide adequate description of the temperature depende
measurement, it cannot account for either the strong non
ear laser power dependence or the systematic variation o
nonlinearity as a function of temperature and photon ene
A modified and improved theory for the nonequilibrium qu
siparticle dynamics in YBCO systems is clearly needed.

The optimally doped YBCO thin film was prepared by th
pulsed laser deposition technique on a~100!-oriented
LaAlO3 single crystal substrate. The thickness of the fi
was 100 nm, nearly equal to the penetration depth of
laser beam at wavelength centered around 800 nm.22 The
films ~with a Tc;90 K and Jc.106 A/cm2 at 77 K! were
patterned using standard photolithography to obtain the
planar waveguide device structure for high-speed electr
signal propagation. The sketch of the experimental setup
the device can be found in our previous paper.8 The device
was mounted on a cold finger located in a high-vacuum cr
genic system where the substrate temperature can be
trolled between 10 and 300 K with60.1 K stability. The dc
bias current was 4 mA. The device was illuminated with 1
fs laser pulses at 10 kHz from a Ti:sapphire femtoseco
laser system consisting of an argon-ion pumping laser,
oscillator, and a regenerative amplifier. The low repetiti
rate eliminates accumulation effects of previous pulses
leads to only a fast kinetic inductive optical response w
rise and fall times on the order of picoseconds. The co
sponding wave forms were monitored by a fast digital sa
pling oscilloscope with a temporal resolution of;20 ps. The
©2004 The American Physical Society20-1
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laser beam was focused onto the device by a cylindrical le
resulting in a spot size of;5 mm by 200mm. The wave-
length of the laser system was tunable in the range of 75
850 nm.

A typical wave form of the femtosecond optical respon
signal in the superconducting state is shown in Fig. 1. T
strongest peak denoted by the fast optical response~FOR! is
the primary signal and of main interest in this article. T
overall oscillatory features of the transient are characteri
for the nonequilibrium kinetic inductive optical response
superconductors in the superconducting state,5,23 with the
negative part representing the Cooper pair-breaking pro
and the positive part corresponding to quasiparticle recom
nation. According to the kinetic inductance model,7,23 when
an optically thin superconducting thin film device bias
with constant currentI is illuminated by a laser pulse, th
incoming photons break Cooper pairs, leading to an ab
change in the Cooper pair densityns and a voltage transien
V across the device given by

V5I F2
ml

2e2wdG 1

ns
2

dns

dt
, ~1!

wherem and e are the mass and the charge of an electr
and l , w, andd are the length, width, and thickness of th
thin film device. The nonequilibrium dynamics ofns can be
obtained numerically from the Rothwarf-Taylor ra
equations12

2
dns

dt
5 i qp2R~n02ns!

21
2

tb
nv , ~2!

dnv

dt
5

1

2
R~n02ns!

22
1

tb
nv2

nv2nvT

tes
, ~3!

where6 n0 (;231021 cm23), nv , andnvT are the number
density of all carriers, phonons, and phonons at thermal e
librium, respectively. Further,i qp is the external quasiparticl
generation rate per unit volume,R is the recombination rate
for quasiparticles back to Cooper pairs,tb is the Cooper

FIG. 1. A typical wave form of the femtosecond optical r
sponse signal for optimally doped YBCO thin film in the superco
ducting state.
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pair-breaking time by phonons, andtes is the phonon escap
ing time.R is related to the quasiparticle recombination tim
t r by

R5
2

t rnqpT
~4!

wherenqpT is the number density of quasiparticles at therm
equilibrium given by24

nqpT5n0S T

Tc
D 2

. ~5!

nvT can be obtained by solving the Rothwarf-Taylor equ
tions in the steady state with zero laser power to give

nwT5
tb

t r
nqpT . ~6!

In optimally doped YBCO thin films, bothtb and t r are
found to be on the order of a picosecond25 while tes is on the
order of a nanosecond.9

It is important to point out that due to the limited tempor
resolution of the digital sampling oscilloscope used in t
experiment, the signal actually observed on the oscillosc
is related to both the amplitude and the shape of the volt
transient generated across the superconducting device
well as the impulse response function of the electrical circ
of the oscilloscope. Generally speaking, the duration and
shape of a voltage transient with a time scale shorter than
temporal resolution will not be reproduced faithfully by th
oscilloscope. However, it was shown26 that the maximum
signal amplitude measured on the oscilloscope~correspond-
ing to the fast optical response signal in Fig. 1! is propor-
tional to the maximum voltage transient, with a constant p
portionality factor depending on both the pulse shape of
voltage transient and the impulse response function of
oscilloscope which is invariant under the current experim
tal condition. In this article, only the laser power and t
temperature dependence of the FOR signal are of inte
Therefore, although it is difficult to compare the numeric
simulation results of the kinetic inductance model and
Rothwarf-Taylor theory directly to the experimental ones
is meaningful and instructive to compare the dependenc
the FOR signal on the external parameters in these case

The Rothwarf-Taylor theory is valid at relatively low tem
peratures and for weak to moderate external perturbati
i.e., not very far from equilibrium when the percentage
Cooper pair breaking is small. In our case, the fraction of
absorbed optical energy density per pulse is given byF(1
2R)(12e2d/d)/d where F is the laser fluence,R is the
reflectivity, d is the optical penetration depth, andd is the
thickness of the film. This is clearly an overestimation, sin
the superconducting device is assumed to be thermally
lated and the absorption at the window of the Dewar h
been ignored. TakingR;0.1,7 d;d;100 nm,22 a typical la-
ser fluence ofF;10mJ/cm2,8 a superconducting gap energ
of ;20 meV,27 and assuming that all the absorbed optic
energy goes into pair breaking, the total number of Coo
pair broken by a single laser pulse is 8.931019 cm23, which

-
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TEMPERATURE AND LASER POWER DEPENDENCE OF . . . PHYSICAL REVIEW B 69, 134520 ~2004!
is less than 20% of the number density of Cooper pairs a
K. More importantly, it has been shown that the fraction
the absorbed optical energy that actually goes into p
breaking is very small, on the order of 1% or even less28

Therefore, in this experiment, the number of Cooper pa
broken by incoming photons is only a very small fracti
and the superconducting system is not very far away fr
equilibrium.

Figure 2 shows the temperature dependence of the F
signal for an optimally doped YBCO thin film in the supe
conducting state. The average laser power and the ph
energy are kept fixed at 2 mW and 1.54 eV, respectiv
throughout the measurement. The amplitude of the FOR
nal decreases as the temperature decreases. This can b
derstood qualitatively by considering Eq.~1!. If we assume
that dns /dt is temperature independent or weakly tempe
ture dependent, the temperature dependence of the FOR
nal is determined by 1/ns

2. At lower temperatures,ns is
larger, and hence smaller FOR signal results. Quantitativ
Eqs. ~1!–~6! can be used to numerically simulate the te
perature dependence of the FOR signal, taking into con
eration the full temperature dependent dynamics ofns and
dns /dt. In this simulation, the incoming laser pulse is a
sumed to be a Gaussian with pulse width of 100 fs. T
Cooper pair-breaking time by phononstb , the quasiparticle
recombination timet r , and the phonon escaping timetes are
taken to be 1.0 ps, 0.6 ps,25 and 3.5 ns,9 respectively. The
result is shown as the solid line in Fig. 2 which has be
normalized to the experimental data at 80 K. As discus
earlier, this normalization is necessary due to the limi
temporal resolution of the oscilloscope and is irrelevant
the physics. The match between the numerical simula
and the experimental data is almost perfect.

Figures 3~a!–3~c! shows the laser power dependence
the fast optical response signal at three different photon
ergies ~a! E51.62 eV, ~b! E51.54 eV, and ~c! E
51.50 eV, and at three different substrate temperatures~80
K, 60 K, and 20 K!, respectively. The signal level for photo
energy around 1.62 eV at 20 K is too low to be includ

FIG. 2. Temperature dependence of the fast optical respons
optimally doped YBCO thin film in the superconducting state. T
solid line is the numerical simulation based on the kinetic ind
tance model and is normalized to the experimental data at 80
13452
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here. The laser power dependence of the FOR signal is
fitted to a simple power law as FOR}Pa where P is the
average laser power anda is the exponent. The solid line
are the fitted curves and Table I summarizes the results. N
that these three photon energies correspond to the ph
energies of the sharp triplet fine structure@redrawn in Fig.
3~d! for comparison# observed in the photon energy depe
dence of the FOR signal in an optimally doped YBCO th
film.8 The FOR signal is clearly a nonlinear function of th
laser power in all cases. As can be seen in Table I, at e
photon energy the fitted nonlinear exponent increases as
perature is lowered; at each temperature, the exponen
creases as the photon energy decreases. Figure 4 show
numerical simulation of the laser power dependence of
FOR signal at different temperatures using parameters
scribed earlier. The simulated curves are also fitted t
simple power law and the results are included in Table I.

It can be seen from Table I that according to the kine
inductance model and the Rothwarf-Taylor theory, the FO
signal is a nonlinear function of the laser power, at leas
relatively high temperatures such as 80 K and 60 K. Ho
ever, the simulated exponents are consistently and sig
cantly smaller than the experimental results at all tempe
tures. For example, the simulated exponents are;1.44,
;1.32, and;0.92 for T580 K, 60 K, and 20 K, respec
tively, compared to;2.13,;3.31, and;5.51 observed ex-
perimentally for the photon energy of 1.50 eV. Secondly,
exponent of the simulated laser power dependence is sm
at lower temperatures, opposite to what was observed exp
mentally where the nonlinearity is greatly enhanced. Fina
and most importantly, the Rothwarf-Taylor theory does n
have significant photon energy dependence at all. As a re
it cannot explain the observed systematic change in the
ponents as the photon energy is tuned. Therefore, unlike
case of temperature dependence of the FOR signal, t
systematic variations cannot be accounted for by the kin
inductance model and the Rothwarf-Taylor theory alone. A
ditional nonlinear effect~s!, which is ~are! not contained in
this simple numerical simulation and is~are! stronger as the
temperature and the photon energy are lowered, mus
taken into consideration. Here, it is important to point o
that the number of Cooper pairs broken by incoming phot
in this experiment is only a very small fraction~less than
1%! of the total Cooper pair density as estimated earlier, a
the superconducting system is not very far away from eq
librium conditions. Therefore, the interband transitions a
associated nonlinear optical effects due to the saturatio
free carrier absorption observed in many metallic syste
under very high-power laser irradiation29–31 do not seem to
play any role in our experiments.

The nonlinear power dependence of the FOR signal w
also observed by Sobolewskiet al. in optimally doped
YBCO thin film using the EO sampling pump-probe tec
nique with subpicosecond resolution.32 There, quasiquadratic
laser power dependence was obtained at 77 K at relati
low laser power when only the nonequilibrium kinetic indu
tive optical response was observed, and it was seen to ch
into a linear dependence for relatively high laser power wh
the bolometric optical response was also observed at

for

-

0-3



t photon
mally

LI et al. PHYSICAL REVIEW B 69, 134520 ~2004!
FIG. 3. Laser power dependence of the fast optical response for optimally doped YBCO thin film in the superconducting state a
energies~a! E51.62 eV, ~b! E51.54 eV, and~c! E51.50 eV. The photon energy dependence of the fast optical response for opti
doped YBCO atT580 K andP51 mW is redrawn in~d! for comparison~Ref. 8!.
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same time. Such a nonlinear behavior is not surprising a
considering the complexity of the nonequilibrium dynamic
especially in the case of high-temperature superconducti
The Rothwarf-Taylor theory, developed in the 1960s for no
equilibrium superconductivity in conventional supercondu
ors, may not contain all the information necessary to
scribe the nonequilibrium processes in high-tempera
superconductors. For example, the symmetry of the o
parameter in high-temperature superconductors has
shown to bed wave instead ofs wave33,34 and this has been
shown to demand significant modifications to the kinetic
ductance model itself.35 In addition, the characteristic tim

TABLE I. Power law fitting of the laser power dependence
the fast optical response for optimally doped YBCO thin film in t
superconducting state and numerical simulations.

T ~K!

E ~eV! Simulation

1.50 1.54 1.62

80 ;P2.13 ;P1.86 ;P1.58 ;P1.44

60 ;P3.31 ;P3.18 ;P3.01 ;P1.32

20 ;P5.51 ;P5.23 ? ;P0.92
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scales in the nonequilibrium dynamics such as the Coo
pair-breaking time by phonons and the quasiparticle reco
bination time have been found to depend on subst
temperature25 as well as laser power36 rather strongly, con-
trary to the assumption of the Rothwarf-Taylor theory in th

FIG. 4. Numerical simulation of the laser power dependence
the fast optical response in optimally doped YBCO thin film in t
superconducting state.
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simple form that these characteristic time scales are c
stants. More interestingly, based on the proposed ass
ments of the sharp resonant triplet fine structures~a charge
transfer exciton at;1.62 eV, a charge transfer excito
coupled with an optical phonon37 at ;1.54 eV, and a charge
transfer exciton coupled with both an optical phonon and
41 meV magnetic excitation in YBCO systems38!, it was
suggested that, within the electronic phase separation
nario of high-temperature superconductivity, the nonlin
laser power dependence could be understood, at least q
tatively, based on the strong coupling of charge carriers
the lattice and spin degrees of freedom, and the system
variation of the nonlinearity as a function of photon energ
~higher nonlinearity at low photon energies! could simply be
the result of increasing complexity in underlying couplin
mechanisms.8 According to the stripe phase theory of hig
temperature superconductivity,18 mobile holes in the Cu-O
plane are confined in conducting stripes separated by h
free antiferromagnetic insulating regions. Pairing, in t
model, originates in the insulating regions, not in the co
ducting stripes, and it is simply transferred to the mob
holes in the conducting stripes by coherent transverse s
fluctuations. A charge transfer exciton excited by the inco
ing photons in the insulating regions can itself break Coo
pairs by generating a local ferromagnetic fluctuation, o
can act as an instantaneous pinning center, thus increa
the effective mass density of the conducting stripes wh
was shown to be inversely proportional toTc in the stripe
phase model.39 Therefore, a nonlinear laser power depe
dence of the Cooper pair-breaking rate by incoming phot
is expected to be due to multiple exciton generation by
intense laser pulse. In addition, the notion of self-assemb
array of conducting charge stripes separated by hole-free
tiferromagnetic insulating domains in the Cu-O plane
high-temperature superconductors introduces intermed
length, time, and temperature scales in the physics of
problem.16–18,40 In fact, the very concept of kinetic induc
tance could have an entirely new microscopic interpreta
in the stripe phase model or another model of electronic
homogeneity. The corresponding description of nonequi
rium superconductivity is expected to be much more co
plex than the simple Rothwarf-Taylor theory due to t
strong coupling among spin, charge, and lattice degree
freedom. Further investigations are needed to make a q
titative connection of this theory to the nonlinear laser pow
dependence of the FOR signal discussed in this article.
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†Also at the Department of Materials Science and Engineer
University of Maryland, College Park, MD 20742, USA. Ema
address: ogale@squid.umd.edu

‡Also at the Department of Electrical Engineering, Univers
of Maryland, College Park, MD 20742, USA. Ema
address: venky@squid.umd.edu
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We should like to point out that Huggardet al.41 have also
reported a power law behavior of the photoresponse of h
Tc superconductors in the far infrared range over many
ders of magnitude of laser intensity. In this regime, howev
pair breaking is not expected, hence the corresponding p
ics is also different. Moreover, their laser pulse widths we
;50 ns as against 100 fs in our experiment. In their case,
power dependence was found to be less than linear. At
photon energy, the exponent was seen to be around 0.5.
increase of the photon energy, the exponent was seen t
crease, approaching 1. In our case, the exponents for
three peaks are much higher than 1 and decrease with
increase of the photon energy. This again shows that
mechanisms in the two cases are indeed very different,
plying a strong correlation effect in our case. Granular film
such as those examined by Huggerdet al. basically have a
random array of Josephson junctions. For photon energy
than the gap, the properties of each such Josephson jun
and also of their complex network would be influenced.
mentioned in their paper, for example, a photon with ene
less than the gap could affect the critical current across
junction. Thus, their observed nonlinear behavior may not
related to the intrinsic properties of high-Tc material, in con-
trast to our study, wherein high-quality epitaxial crystallin
films are examined.

In conclusion, the temperature and the laser power dep
dence of the femtosecond optical pair breaking rate for
optimally doped YBCO thin film were measured in the s
perconducting state. While the temperature dependence m
surements can be described rather successfully by the kin
inductance model and the Rothwarf-Taylor theory, the stro
nonlinearity and its significant temperature and photon
ergy dependence in the laser power dependence mea
ments cannot be accounted for by this simple model alo
These data demonstrate the complexity in the state of n
equilibrium superconductivity in high temperature superco
ductors and the opportunity provided by the femtoseco
optical pair breaking technique.
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