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In this paper we examine the origin of the emission of picosecond electromagnetic pulses from current-
biased superconducting bridges after optical excitation with femtosecond laser pulses. The peak frequency and
the amplitude of the THz pulses are quantitatively correlated to the optically measured quasiparticle dynamics.
We find that reflection and absorption within the superconductor fundamentally limit the ratio of the transmit-
ted field amplitude to the generated signal to 1023. @S0163-1829~96!51534-1#

The discovery of high-temperature superconductors
~HTS’s! has renewed the interest in the physics of nonequi-
librium superconductivity. From the point of view of appli-
cations, the pico- to subpicosecond relaxation back from
nonequilibrium by recombination of the quasiparticles de-
fines the principal frequency limit of devices based on the
dynamical changes of Cooper-pair densities. All-optical
measurements detecting the change of the optical properties
after excitation with femtosecond laser pulses1–6 have con-
centrated on the analysis of the quasiparticle dynamics.
Time-resolved on- and off-chip voltage measurements have
been applied to probe the electrical response of HTS’s.7–9

The submillimeter-wave radiation emitted from an optically
excited superconducting bridge can be detected10 by tera-
hertz~THz! time-domain spectroscopy.11,12 In this paper, we
present a study of THz emission from optically excited
YBa2Cu3O72d ~YBCO! microbridges and relate the emis-
sion dynamics to the quasiparticle dynamics traced by all-
optical reflection measurements.

The samples are homogeneous, fullyc-axis-oriented
YBCO films, deposited by dc sputtering on MgO substrates,
with transition temperatures of 85 K. The film thickness has
been chosen to be about 300 nm for the optical measure-
ments to suppress multiple interference effects, and 70 nm
for the THz-emission experiments to allow determination of
the microwave conductivity.12 Superconducting bridges, 50
mm wide and 50mm long, are patterned by optical lithogra-
phy and dry etching.13 After patterning they exhibit a transi-
tion temperatureTc of about 80 K. The bridges end in con-
tacts that are tapered to suppress geometrical~antenna!
resonances.

Reflectivity and transmission changes down to 1027 are
measured using a fast-scan pump-probe setup with 50 fs la-
ser pulses from a 76-MHz-repetition-rate Ti:sapphire laser at
a wavelength of 810 nm. The THz-emission experiments are
performed in a nitrogen-flushed THz-spectroscopy setup.
Coherent THz-radiation pulses are generated by excitation of
a current-biased YBCO bridge with optical pulses. The laser
focus on the bridge is 40mm and the power of the laser
beam is varied between 500mW and 40 mW. The bias cur-
rent is varied between 5 and 100 mA. Time-resolved detec-
tion of the generated THz pulses in the forward~transmis-
sion! and backward~reflection! direction is achieved with a
50 mm long photoconductive dipole antenna.14

The amplitudes of the Fourier transforms of the THz sig-
nals emitted in the forward direction are shown in Fig. 1 for
different temperatures belowTc , obtained with a time-
averaged laser power ofPlaser5 20 mW and a bias current of
50 mA ~time-domain data at 8 K: see inset!. The amplitude

FIG. 1. Fourier transforms of the time-domain signals at differ-
ent temperatures. For comparison, the emission spectrum of an
InGaAs surface emitter normalized to the 8 K data is included. The
inset shows a time-domain signal of the emitted pulse at 8 K. The
second signal about 23 ps after the main transient is a substrate
reflection of the emitted THz pulse. The weak oscillatory structure
~also observed in the InGaAs transients! is due to absorption of the
radiation by residual water vapor.
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drops with falling temperature and the frequency shifts
slightly to higher frequencies.

The amplitude is found to be proportional to the bias cur-
rent as well as to the pump power~data not shown!, proving
the superradiant character of the emission.10 The amplitudes
of the electrical fields detected in forward and backward di-
rection have a ratio ofEtrans/Eref.2.1. For comparison of the
amplitudes of the radiated fields to that of a standard semi-
conductor surface emitter,15 an InGaAs wafer is measured in
the same setup. At a laser powerPlaser of 300 mW, the for-
ward signal from the InGaAs sample is a factor of 5 higher
than the field amplitude of the superconductor emission at 60
K, Plaser5 20 mW and a bias current of 50 mA.

In order to discuss the origin of THz emission from the
superconducting bridge, we compare the THz results with
the quasiparticle dynamics investigated by all-optical pump-
probe reflection measurements. The time-resolved optical re-
ponse of a YBCO film is shown in Fig. 2. The ultrafast rise
of the reflectivity after excitation of the HTS att50 ps is
attributed to Cooper pair breaking. The subsequent decrease
of the reflectivity results from quasiparticle recombination.5

Except forT.Tc , the maximum densityDNs,max(T) of the
optically broken Cooper pairs is small with respect to the
overall densityNs(T) of Cooper pairs in the Bose conden-
sate. Assuming that the whole absorbed photon energy is
used for breaking Cooper pairs and that there is an effective
superconducting energy gapDs , one estimates from the in-

cident optical power per pulse thatDNs,max(T) is on the
order of 1% of the Cooper-pair density, forT!Tc . After the
pair-breaking cascade, the maximum density of broken pairs
is given approximately byDNs,max(T).Ephoton/@2Ds(T)#,
whereEphoton is the energy density of the light absorbed in
the superconductor. The time dependence of the reflectivity
change (DR/R0)(t) is expected to be directly proportional to
the temporal evolution of the densityDNs(T,t) of the broken
pairs:

DR
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~T,t !5

1

R0
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]Ns
DNs~T,t !. ~1!

DNs(T,t) can be factorized as DNs(T,t)
5DNs,max(T) f Ns(T,t), with a time-independent amplitude

DNs,max(T) and the normalized functionf Ns(T,t) containing
the full temporal evolution of the broken-pair density, re-
spectively of the reflectivity change.

The dynamics of broken pairs can be modeled by
Rothwarf-Taylor equations16 extended for the nonequilib-
rium case. The initial pair-breaking time is determined to
increase from about 60 fs atT.0 to about 120 fs atT565
K.17 The recombination timet r has a value oft051.5 ps for
T→0 with a temperature dependence given by
t r5t011.15te-ph(T/Tc)/A12T/Tc ~see inset of Fig. 2!,
wherete-ph5385 fs is a characteristic scattering time derived
from BCS theory.18

For the interpretation of the THz emission, two aspects
have to be considered. The first one is the generation of the
electromagnetic pulse itself, the second one is the output
coupling of the radiation from the superconducting film. We
start with a description of the generation of the electromag-
netic pulses. The electromagnetic response of the supercon-
ducting bridge can be understood from classical electrody-
namics. Neglecting the normal-carrier contribution, the
current density is given byj s52eNsvs , wherevs is the ve-
locity of the Cooper pairs. The first London equation and the
condition of constant current yields19

E~T,t !52 j s
ms

4e2Ns
2~T!
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]t
, ~2!

whereE is the electric field generated across the illuminated
spot of the bridge andms is the mass of the superconducting
carriers.

The electric field of the emitted THz pulse then depends
on time and temperature according to

E~T,t !;
1
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~3!

According to Eqs.~3! and~1!, the time dependence of the
emitted THz field is proportional to the time derivative of the
reflectivity change (DR/R0)(T,t). Figure 3 displays the Fou-
rier transforms of the time derivatives of these reflectivity
changes. The transforms reveal a broad spectrum peaking at
about 500 GHz and extending to more than 10 THz. The
peaks in the region between 3 and 5 THz are due to phonons
that are coherently excited by the femtosecond optical
pulse.20

FIG. 2. Optical response of a YBCO thin film after excitation
with fs laser pulses for several temperatures. The inset shows the
quasiparticle recombination times derived by fits with Rothwarf-
Taylor equations. The dashed line reproduces the dependence given
in the text.
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Before analyzing the temperature dependence of the am-
plitudes, we first focus on the frequency of the main maxi-
mum, plotted in Fig. 4~a!. With decreasing temperature, the
peak frequency slightly shifts to higher frequencies. This be-
havior can be understood by the faster quasiparticle dynam-
ics at low temperatures~see Fig. 2!. In order to compare
these results with the THz-emission experiments we must
take the spectral response of the THz antenna into account
~see solid line in Fig. 3!. The response is measured with the
InGaAs surface emitter that acts as a ‘‘white-light’’ source in
the frequency range of interest. The full squares in Fig. 4
show the temperature dependence of the peak frequency after
convolution with the antenna response function. The open
circles and triangles represent the peak frequency obtained
directly from the THz data of Fig. 1. In both cases, the peak
frequency shifts towards higher values when the temperature
falls. Except for a 5–10 % offset of the absolute values, there

is good agreement between the data sets. The backward-
direction peak frequencies~circles! are offset relative to the
forward-direction data~triangles!. This shift is explained
with typical variations in the alignment of the THz measure-
ment setup. Given these variations, the agreement between
the THz-emission data and the peak frequencies derived
from the optical reflectivity measurements is fully accept-
able.

Analyzing the amplitude of the THz-emission signal there
is a profound difference in temperature dependence between
THz amplitude and optical reflectivity changes. While the
THz amplitude decreases with falling temperature, we find
an increase of the maximum time derivative of the optical
reflectivity change. This qualitative difference can be under-
stood from Eq.~3!, where the THz amplitude is found to be
proportional toDNs,max(T)/Ns

2(T). DNs,max(T) depends in-
versely on the superconducting gapDs(T). With falling tem-

FIG. 3. Fourier transforms of the time deriva-
tive of the optical reflection measurements for
several temperatures belowTc . The solid line
shows the spectral sensitivity of the antenna de-
termined with an InGaAs surface emitter. In the
inset, the peak amplitudes after convolution with
the antenna response are depicted.

FIG. 4. Comparison of the temperature depen-
dence of the peak frequency~a! and the signal
amplitudes~b! as obtained from the THz mea-
surements~circles and triangles! and from calcu-
lations with the data of the optical experiments
~full squares!.
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perature,Ds increases, fewer Cooper pairs are broken, hence
the emitted electric fieldE decreases. The same trend forE
is found with respect to the Cooper-pair densityNs(T).

For a correct evaluation of the THz-pulse emission, addi-
tionally output-coupling effects have to be taken into ac-
count. The electromagnetic pulse generated within the film is
attenuated by absorption losses within the film and reflection
losses at the film-air and at the film-substrate interface, re-
spectively. The transmitted electric field is approximately de-
scribed by the expressionE5E0texp(2ad/2), d being the
mean distance the pulse must travel,a the absorption coef-
ficient, andt the transmission coefficient. The absorption co-
efficient is determined by the real part of the conductivity
s1 and the reflection coefficientr via a5s1 /rce0 with c
being the speed of light in vacuum ande0 the permittivity of
free space. The conductivity of the sample is directly deter-
mined by THz-transmission spectroscopy,12 yielding absorp-
tion lengths of 35 nm at 65 K and 100 nm at 10 K for 0.5
THz. The transmission coefficients are given by
t52nm /@n(T)1nm# with n(T) being the temperature-
dependent index of refraction of the superconductor andnm
that of the interface medium (nvacuum51, nMgO53.2). n(T)
can be calculated with the general dependence
n(T)5c/l(T)v. l(T) is the penetration depth of the super-
conductor and is extracted from THz-transmission data of
the thin films. We determine a penetration depthl~0 K! of
160 nm, yieldingn~0 K!5597 at 0.5 THz andT→0. The
temperature dependence of the penetration depth follows a
two-fluid behavior. The very high value ofn(T) gives rise to
a small transmission coefficientt of the order of 1023. The
ratio of the calculated transmission coefficients at 70 K and
at low temperature ist~70 K!/t~0 K!.1.8. For the difference
between forward and backward measurements, we obtain a
ratio of t trans/t ref.3.1 explaining the higher amplitudes in
forward direction.

With the time derivative of the relative reflectivity change
determined directly from the experimental data, and with the
model described above, the expected temperature depen-
dence of the THz-field amplitude can be calculated. If we
assume that the absorbed energy from the laser pulse does
not change significantly with temperature forT,Tc ,
DNs,max in Eq. 3 is reduced by a factor of 1/Ds(T), where
Ds(T) is assumed to be BCS-like@Ds(T);A12T/Tc#. The

temporal evolution of the gap parameter is neglected and
Ns is assumed to be time independent because of the low
density of broken Cooper pairs. The calculated THz-field
amplitude is plotted in the upper part of Fig. 4~b! and com-
pared in the lower part of the figure with the temperature
dependence of the amplitudes of the THz signals. All data
are normalized to the respective values for the lowest tem-
perature. The lines in the figure are guides to the eye. The
temperature dependences of the theoretically expected THz
amplitude in the upper part of the figure and of the measured
amplitudes displayed in the lower part are very similar for
temperaturesT,60 K. The deviations of the forward-
radiation signal around 60 K result from a higher optical
excitation power and a higher current density of 33106

A/cm2 close to the critical current density chosen in these
measurements. With these conditions, it is likely that all
pairs are broken atT.60 K. We conclude that the tempera-
ture dependence of the strength of the THz radiation pulses
from the superconducting bridge is determined by the ther-
mal shrinkage of the superconductor energy gap and of the
temperature dependent transmission and absorpion coeffi-
cients.

With regard to practical applications, optically excited mi-
crobridges are to be compared with standard semiconductor
surface emitters. The emission bandwidth is narrower than
that of semiconductor surface emitters reflecting the slower
dynamics of Cooper-pair breaking and quasiparticle recom-
bination in relation to the instantaneous polarization and the
carrier-transport dynamics of highly excited semiconductors.
The emission efficiencies~ratio of emitted THz power to
optical pump power! are roughly comparable. Although the
current change in the bridge is fairly high, the emission ef-
ficiency is fundamentally limited by confinement of the ra-
diation in the superconductor~high index of refraction by the
supercurrent! and strong absorption~quasiparticles!. Consid-
ering the need for patterning, sample cooling, and the limited
long-term stability, superconductor bridges appear less at-
tractive for the generation of general-purpose free-space ra-
diation than for guided pulses in on-chip applications such as
input ports of superconducting logic circuits.
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