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Temperature and laser power dependence of femtosecond optical pair-breaking rate in optimally
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The temperature and laser power dependence of the femtosecond optical pair-breaking rate in optimally
doped Y;Ba,Cu;0;_ 5 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 high-data strongly suggests the presence of insulating domains
temperature superconducting thin films have attracted coreven in the superconducting state of the YBCO system over
siderable attention ever since high-temperature supercondua-subpicosecond time scale and is consistent with the elec-
tivity was discovered in 1985These studies were motivated tronic phase separation model of high-temperature
by the practical interest in developing ultrafast, ultrasensisuperconductivity®=2*In this article, we present a compre-
tive, and broadband photodetectors as well as the physidgensive study of laser power and temperature dependence of
interest in the exploration of nonequilibrium dynamics inthe femtosecond optical pair-breaking rate in optimally
strongly correlated electron systems in search of the fundadoped YBCO thin films. Upon analysis of the kinetic induc-
mental mechanism of high-temperature superconductivitytive optical response using the conventional Rothwarf-Taylor
To this end, two experimental methods have been generalltheory, it is found that although this simple model can pro-
employed. One is the pump and probe measurement scheraele adequate description of the temperature dependence
including the electric-optic(EO) sampling technique®  measurement, it cannot account for either the strong nonlin-
while the other is the transient photoimpedance responsear laser power dependence or the systematic variation of the
measuremert. nonlinearity as a function of temperature and photon energy.

The pump and probe measurement scheme has the advahmodified and improved theory for the nonequilibrium qua-
tage of high temporal resolution and can provide importansiparticle dynamics in YBCO systems is clearly needed.
information about the nonequilibrium quasiparticle dynamics The optimally doped YBCO thin film was prepared by the
of high-temperature superconductors in the time domain. Uspulsed laser deposition technique on (400)-oriented
ing femtosecond pulsed optical radiation and a subpicosed-aAlO5 single crystal substrate. The thickness of the film
ond EO sampling system, electrical transients of singlewas 100 nm, nearly equal to the penetration depth of the
picosecond duration from a current biased YBa&O,_; laser beam at wavelength centered around 800*nithe
(YBCO) microbridge have been observeiThe nonequilib-  films (with a T.~90 K andJ.>10° Alcm? at 77 K) were
rium quasiparticle dynamics have been successfully modelepatterned using standard photolithography to obtain the co-
using either the two-temperature moddbr the optical re- planar waveguide device structure for high-speed electrical
sponse in the resistive state, or the kinetic inductance rhodesignal propagation. The sketch of the experimental setup and
and the Rothwarf-Taylor theoty in the superconducting the device can be found in our previous pdb&he device
state. The transient photoimpedance response experimemtas mounted on a cold finger located in a high-vacuum cryo-
despite its lower time resolution, has the advantage of a singenic system where the substrate temperature can be con-
pler experimental setup, high signal-to-noise ratio, and, mostolled between 10 and 300 K witt 0.1 K stability. The dc
importantly, direct correlation with electron pairing due to its bias current was 4 mA. The device was illuminated with 100
optical pump and electrical probe measurement scheme. & laser pulses at 10 kHz from a Ti:sapphire femtosecond
sharp resonant triplet fine structure was observed in femtdaser system consisting of an argon-ion pumping laser, an
second optical pair-breaking spectroscopy of optimallyoscillator, and a regenerative amplifier. The low repetition
doped, underdoped, and Zn-doped YBCO thin films near 1.5ate eliminates accumulation effects of previous pulses and
eV? which is consistent with the earlier all-optical leads to only a fast kinetic inductive optical response with
measurements>>~°|t was proposed that the charge transferrise and fall times on the order of picoseconds. The corre-
excitonic excitation associated with the Cu-O plane might besponding wave forms were monitored by a fast digital sam-
the origin of this resonant feature. The systematics of theling oscilloscope with a temporal resolution-e20 ps. The
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FIG. 1. A typical wave form of the femtosecond optical re- T
sponse signal for optimally doped YBCO thin film in the supercon- an=?nqu. (6)
r

ducting state.

In optimally doped YBCO thin films, both, and 7, are
laser beam was focused onto the device by a cylindrical lengound to be on the order of a picosecé?mj/hile TesiS ON the
resulting in a spot size of5 mm by 200um. The wave- order of a nanosecorid.
length of the laser system was tunable in the range of 750 to It is important to point out that due to the limited temporal
850 nm. resolution of the digital sampling oscilloscope used in this

A typical wave form of the femtosecond optical responseexperiment, the signal actually observed on the oscilloscope
signal in the superconducting state is shown in Fig. 1. Thes related to both the amplitude and the shape of the voltage
strongest peak denoted by the fast optical resp@RER) is  transient generated across the superconducting device, as
the primary signal and of main interest in this article. Thewell as the impulse response function of the electrical circuit
overall oscillatory features of the transient are characteristief the oscilloscope. Generally speaking, the duration and the
for the nonequilibrium kinetic inductive optical response of shape of a voltage transient with a time scale shorter than the
superconductors in the superconducting stafewith the  temporal resolution will not be reproduced faithfully by the
negative part representing the Cooper pair-breaking processcilloscope. However, it was shoffrthat the maximum
and the positive part corresponding to quasiparticle recombisignal amplitude measured on the oscilloscép@respond-
nation. According to the kinetic inductance modéf,when ing to the fast optical response signal in Fig.id propor-
an optically thin superconducting thin film device biasedtional to the maximum voltage transient, with a constant pro-
with constant current is illuminated by a laser pulse, the portionality factor depending on both the pulse shape of the
incoming photons break Cooper pairs, leading to an abruploltage transient and the impulse response function of the
change in the Cooper pair density and a voltage transient oscilloscope which is invariant under the current experimen-

V across the device given by tal condition. In this article, only the laser power and the
temperature dependence of the FOR signal are of interest.

v=il— ml |1 % B Therefore, although it is difficult to compare the numerical

2e2wd ﬁf dt’ simulation results of the kinetic inductance model and the

Rothwarf-Taylor theory directly to the experimental ones, it
wherem ande are the mass and the charge of an electronjs meaningful and instructive to compare the dependence of
andl, w, andd are the length, width, and thickness of the the FOR signal on the external parameters in these cases.

thin film device. The nonequilibrium dynamics of can be The Rothwarf-Taylor theory is valid at relatively low tem-
obtained numerically from the Rothwarf-Taylor rate peratures and for weak to moderate external perturbations,
equation¥’ i.e., not very far from equilibrium when the percentage of

Cooper pair breaking is small. In our case, the fraction of the

_ d_ns_i —R(ng—hg)2+ En 7) absorbed optical energy density per pulse is giverFy
dt ap 0 s e —R)(1—e"¥%)/d whereF is the laser fluenceR is the
reflectivity, & is the optical penetration depth, addis the
dn, 1 , 1 N,—N,T thickness of the film. This is clearly an overestimation, since
at > R(ng—ng)”— T_b”w_ T (3 the superconducting device is assumed to be thermally iso-

lated and the absorption at the window of the Dewar has
wheré ng (~2x10% cm™3), n,,, andn, are the number been ignored. Taking~0.1, d~ 6~100 nm?? a typical la-
density of all carriers, phonons, and phonons at thermal equier fluence of ~ 10 uJ/cnt,® a superconducting gap energy
librium, respectively. Furthery, is the external quasiparticle of ~20 meV?2” and assuming that all the absorbed optical
generation rate per unit volumR, is the recombination rate energy goes into pair breaking, the total number of Cooper
for quasiparticles back to Cooper pairs, is the Cooper pair broken by a single laser pulse is 8.90'° cm™3, which
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50 — T T T T T T here. The laser power dependence of the FOR signal is then
® Experimental Data 1 fitted to a simple power law as FOR“ where P is the
40+ Numerical Simulation . average laser power andis the exponent. The solid lines
PeomW are the fitted curves and Table | summarizes the results. Note
30F E-154eV . that these three photon energies correspond to the photon
[=4mA ] energies of the sharp triplet fine structdredrawn in Fig.

i 3(d) for comparisoi observed in the photon energy depen-
dence of the FOR signal in an optimally doped YBCO thin
film.® The FOR signal is clearly a nonlinear function of the
laser power in all cases. As can be seen in Table |, at each
photon energy the fitted nonlinear exponent increases as tem-

20

10

Fast Optical Response (mV)

0 . . :
L perature is lowered; at each temperature, the exponent in-

35 40 45 50 55 60 65 70 75 80 85 creases as the photon energy decreases. Figure 4 shows the
Temperature (K) numerical simulation of the laser power dependence of the

FOR signal at different temperatures using parameters de-

FIG. 2. Temperature dependence of the fast optical response faicribed earlier. The simulated curves are also fitted to a
optimally doped YBCO thin film in the superconducting state. Thesimple power law and the results are included in Table I.
solid line is the numerical simulation based on the kinetic induc- |t can be seen from Table | that according to the kinetic
tance model and is normalized to the experimental data at 80 K. jnductance model and the Rothwarf-Taylor theory, the FOR

signal is a nonlinear function of the laser power, at least at

is less than 20% of the number density of Cooper pairs at 8gelatively high temperatures such as 80 K and 60 K. How-
K. More importantly, it has been shown that the fraction ofever, the simulated exponents are consistently and signifi-
the absorbed optical energy that actually goes into paitantly smaller than the experimental results at all tempera-
breaking is very small, on the order of 1% or even f&ss. tures. For example, the simulated exponents ar.44,
Therefore, in this experiment, the number of Cooper pairs-1.32, and~0.92 for T=80 K, 60 K, and 20 K, respec-
broken by incoming photons is only a very small fraction tively, compared to~2.13,~3.31, and~5.51 observed ex-
and the superconducting system is not very far away fronperimentally for the photon energy of 1.50 eV. Secondly, the
equilibrium. exponent of the simulated laser power dependence is smaller

Figure 2 shows the temperature dependence of the FOR: ower temperatures, opposite to what was observed experi-
signal for an optimally doped YBCO thin film in the super- mentally where the nonlinearity is greatly enhanced. Finally
conducting state. The average laser power and the photaihd most importantly, the Rothwarf-Taylor theory does not
energy are kept fixed at 2 mW and 1.54 eV, respectivelyhave significant photon energy dependence at all. As a result,
throughout the measurement. The amplitude of the FOR sigt cannot explain the observed systematic change in the ex-
nal decreases as the temperature decreases. This can be gfnents as the photon energy is tuned. Therefore, unlike the
derstood qualitatively by considering E@). If we assume case of temperature dependence of the FOR signal, these
thatdns/dt is temperature independent or weakly temperasystematic variations cannot be accounted for by the kinetic
ture dependent, the temperature dependence of the FOR sigductance model and the Rothwarf-Taylor theory alone. Ad-
nal is determined by mg. At lower temperaturespng is  ditional nonlinear effe¢s), which is (are not contained in
larger, and hence smaller FOR signal results. Quantitativelythis simple numerical simulation and (are stronger as the
Egs. (1)—(6) can be used to numerically simulate the tem-temperature and the photon energy are lowered, must be
perature dependence of the FOR signal, taking into consicaken into consideration. Here, it is important to point out
eration the full temperature dependent dynamicsiofind  that the number of Cooper pairs broken by incoming photons
dng/dt. In this simulation, the incoming laser pulse is as-in this experiment is only a very small fractiqiess than
sumed to be a Gaussian with pulse width of 100 fs. Thel%) of the total Cooper pair density as estimated earlier, and
Cooper pair-breaking time by phonomg, the quasiparticle the superconducting system is not very far away from equi-
recombination timer, , and the phonon escaping timgsare  librium conditions. Therefore, the interband transitions and
taken to be 1.0 ps, 0.6 p3,and 3.5 ns, respectively. The associated nonlinear optical effects due to the saturation of
result is shown as the solid line in Fig. 2 which has beerfree carrier absorption observed in many metallic systems
normalized to the experimental data at 80 K. As discussednder very high-power laser irradiation®! do not seem to
earlier, this normalization is necessary due to the limitedolay any role in our experiments.
temporal resolution of the oscilloscope and is irrelevant to The nonlinear power dependence of the FOR signal was
the physics. The match between the numerical simulatiomlso observed by Sobolewslkdt al. in optimally doped
and the experimental data is almost perfect. YBCO thin film using the EO sampling pump-probe tech-

Figures 3a)—3(c) shows the laser power dependence ofnique with subpicosecond resolutidfiThere, quasiquadratic
the fast optical response signal at three different photon erlaser power dependence was obtained at 77 K at relatively
ergies (@ E=1.62eV, (b) E=154eV, and (c) E low laser power when only the nonequilibrium kinetic induc-
=1.50 eV, and at three different substrate temperat(88s tive optical response was observed, and it was seen to change
K, 60 K, and 20 K, respectively. The signal level for photon into a linear dependence for relatively high laser power when
energy around 1.62 eV at 20 K is too low to be includedthe bolometric optical response was also observed at the
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FIG. 3. Laser power dependence of the fast optical response for optimally doped YBCO thin film in the superconducting state at photon

energies(a) E=1.62 eV, (b) E=1.54 eV, and(c) E=

doped YBCO aff=80 K andP=1 mW is redrawn

same time. Such a nonlinear behavior is not

1.50 eV. The photon energy dependence of the fast optical response for optimally
in(d) for comparison(Ref. 8.

surprising at akcales in the nonequilibrium dynamics such as the Cooper

considering the complexity of the nonequilibrium dynamics,pair-breaking time by phonons and the quasiparticle recom-
especially in the case of high-temperature superconductivitypination time have been found to depend on substrate

The Rothwarf-Taylor theory, developed in the
equilibrium superconductivity in conventional

1960s for nontemperatur® as well as laser pow& rather strongly, con-
superconduct-trary to the assumption of the Rothwarf-Taylor theory in this

ors, may not contain all the information necessary to de-

scribe the nonequilibrium processes in high-temperature 70 T . .
superconductors. For example, the symmetry of the order - I Numerical Simulation]
parameter in high-temperature superconductors has been & oor T=80K 7]
shown to bed wave instead of wave’>3*and this has been g 50
shown to demand significant modifications to the kinetic in- % -
ductance model itseff In addition, the characteristic time £ 40
2 30
TABLE I. Power law fitting of the laser power dependence of % !
the fast optical response for optimally doped YBCO thin film in the g 20
superconducting state and numerical simulations. S 10 I
‘a
© L
E (eV) Simulation “ o
T (K) 1.50 1.54 1.62 5 10 15 20
80 _p213 _p186 _piss _ptaa Average Laser Power (mW)
60 ~p33t ~p318 ~p30L ~pl3 FIG. 4. Numerical simulation of the laser power dependence of
20 ~ p551 ~ p523 ? ~ po-92 the fast optical response in optimally doped YBCO thin film in the

superconducting state.
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simple form that these characteristic time scales are con- We should like to point out that Huggaed al** have also
stants. More interestingly, based on the proposed assigmeported a power law behavior of the photoresponse of high-
ments of the sharp resonant triplet fine structU@sharge T, superconductors in the far infrared range over many or-
transfer exciton at~1.62eV, a charge transfer exciton ders of magnitude of laser intensity. In this regime, however,
coupled with an optical phondhat ~1.54 eV, and a charge pair breaking is not expected, hence the corresponding phys-
transfer exciton coupled with both an optical phonon and thecs s also different. Moreover, their laser pulse widths were
41 meV magnetic excitation in YBCO systeffls it was 50 ns as against 100 fs in our experiment. In their case, the
suggested that, within the electronic phase separation SCBower dependence was found to be less than linear. At low

nario of high-temperature superconductivity, the nonlinear hoton energy, the exponent was seen to be around 0.5. With
laser power dependence could be understood, at least QUi ease of the photon energy, the exponent was seen to in-
tatively, based on the strong coupling of charge carriers t

! . r roaching 1. In our the exponents for th
the lattice and spin degrees of freedom, and the systemat% ease, approaching our case, the exponents for the

o . . . MK ree peaks are much higher than 1 and decrease with the
variation of the nonlinearity as a function of photon energies

(higher nonlinearity at low photon energieuld simply be increase of the photon energy. Tr_us again ShO\.NS that _the
the result of increasing complexity in underlying coupling me_chanlsms in the tWO_ cases are indeed very dlfferent_, im-
mechanism& According to the stripe phase theory of high- plying a strong corre!atlon effect in our case. Granular films
temperature superconductivi§,mobile holes in the Cu-O SUch as those examined by Huggerdal. basically have a
plane are confined in conducting stripes separated by holé@ndom array of Josephson junctions. For photon energy less
free antiferromagnetic insulating regions. Pairing, in thisthan the gap, the properties of each such Josephson junction
model, originates in the insulating regions, not in the con-and also of their complex network would be influenced. As
ducting stripes, and it is simply transferred to the mobilementioned in their paper, for example, a photon with energy
holes in the conducting stripes by coherent transverse strig@ss than the gap could affect the critical current across the
fluctuations. A charge transfer exciton excited by the incomjunction. Thus, their observed nonlinear behavior may not be
ing photons in the insulating regions can itself break Cooperelated to the intrinsic properties of high-material, in con-
pairs by generating a local ferromagnetic fluctuation, or ittrast to our study, wherein high-quality epitaxial crystalline
can act as an instantaneous pinning center, thus increasifigms are examined.

the effective mass density of the conducting stripes which In conclusion, the temperature and the laser power depen-
was shown to be inversely proportional Tq in the stripe  dence of the femtosecond optical pair breaking rate for an
phase model? Therefore, a nonlinear laser power depen-gptimally doped YBCO thin film were measured in the su-
dence of the Cooper pair-breaking rate by incoming photongerconducting state. While the temperature dependence mea-
is expected to be due to multiple exciton generation by therements can be described rather successfully by the kinetic
intense laser pul_se. In addltlon, the notion of self-assembleg,q,ctance model and the Rothwarf-Taylor theory, the strong
array of conducting charge stripes separated by hole-free ay,hjinearity and its significant temperature and photon en-

tiferromagnetic insulating domains i_n the Cu-Q plane _Ofergy dependence in the laser power dependence measure-
h|gh—tem_perature superconductors |nt'roduces 'nt.ermed'aﬁents cannot be accounted for by this simple model alone.
length, time, and temperature scales in the physics of th?hese data demonstrate the complexity in the state of non-

16-18,40 A i
problem. In fact, the very concept of kinetic induc equilibrium superconductivity in high temperature supercon-

tance cogld have an entirely new micrascopic Interpretatio "Yuctors and the opportunity provided by the femtosecond
in the stripe phase model or another model of electronic in-

homogeneity. The corresponding description of nonequilib—OptICaI pair breaking technique.
rium superconductivity is expected to be much more com- The authors would like to thank Dr. P. N. Guzdar for his
plex than the simple Rothwarf-Taylor theory due to thehelp on the numerical simulations presented in this article.
strong coupling among spin, charge, and lattice degrees dfhis work was supported by the Office of Naval Research
freedom. Further investigations are needed to make a quamnder Grant No. ONR-N00014961102Zfrogram monitor
titative connection of this theory to the nonlinear laser poweDr. Deborah Van Vechtgrand University of Maryland NSF-
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