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Emission of picosecond electromagnetic pulses from optically excited superconducting bridges
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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 10 S0163-18206)51534-1

The discovery of high-temperature superconductors The amplitudes of the Fourier transforms of the THz sig-
(HTS’s) has renewed the interest in the physics of nonequinals emitted in the forward direction are shown in Fig. 1 for
librium superconductivity. From the point of view of appli- different temperatures beloW,., obtained with a time-
cations, the pico- to subpicosecond relaxation back fronaveraged laser power 8,s,= 20 mW and a bias current of
nonequilibrium by recombination of the quasiparticles de-50 mA (time-domain data at 8 K: see ingeThe amplitude
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 pufsésave 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 HTSs.
The submillimeter-wave radiation emitted from an optically
excited superconducting bridge can be detéCidy tera-
hertz(THz) time-domain spectroscopy:?In this paper, we
present a study of THz emission from optically excited
YBa,Cu3;0-,_ s (YBCO) microbridges and relate the emis-
sion dynamics to the quasiparticle dynamics traced by all-
optical reflection measurements.

The samples are homogeneous, fultyaxis-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? Superconducting bridges, 50
um wide and 5Qum long, are patterned by optical lithogra-
phy and dry etching® After patterning they exhibit a transi-
tion temperaturd ; of about 80 K. The bridges end in con-
tacts that are tapered to suppress geometriaatenna
resonances.

Reflectivity and transmission changes down to 1@re
measured using a fast-scan pump-probe setup with 50 fs la- ol — S 8K
ser pulses from a 76-MHz-repetition-rate Ti:sapphire laser at 00 05 10 15 20 25 30
a wavelength of 810 nm. The THz-emission experiments are Frequency (THz)
performed in a nitrogen-flushed THz-spectroscopy setup.

Coherent T_HZ-radiation pu_lses are gen_erated by excitation of FIG. 1. Fourier transforms of the time-domain signals at differ-
a current-hiased YBCO bridge with optical pulses. The lasepnt temperatures. For comparison, the emission spectrum of an
focus on the bridge is 4Qum and the power of the laser |nGaas surface emitter normalized tcetB K data is included. The
beam is varied between 500W and 40 mW. The bias cur- jnset shows a time-domain signal of the emitted pulse at 8 K. The
rent is varied between 5 and 100 mA. Time-resolved detecsecond signal about 23 ps after the main transient is a substrate
tion of the generated THz pulses in the forwdtdhinsmis-  reflection of the emitted THz pulse. The weak oscillatory structure
sion) and backwardreflection) direction is achieved with a (also observed in the InGaAs transieritsdue to absorption of the

50 wm long photoconductive dipole antenHa. radiation by residual water vapor.
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Y Y — e cident optical power per pulse th&Ng n,(T) is on the

a0t ] order of 1% of the Cooper-pair density, forc T . After the

25} A pair-breaking cascade, the maximum density of broken pairs
20l - is given approximately bYANg ma{T) =Egnoton/[244(T) ],

ol momem ] where Eno0n IS the energy density of the light absorbed in
o ] the superconductor. The time dependence of the reflectivity
change AR/Ry)(t) is expected to be directly proportional to

0 10 20 8 40 80 60 70 80 9% the temporal evolution of the densityNg(T,t) of the broken
Temperature (K) p airs:

Recombination Time (ps)

.5

. AR 1R
14t Jr 8K R—O( , )_R_O&_NS
il Tk ANg(T,t) can be factorized as ANg(T,t)

. =ANs,max(T)fNS(T,t), with a time-independent amplitude
o Tt pg K ANg may(T) and the normalized functiofy, (T,t) containing

sk i e the full temporal evolution of the broken-pair density, re-
R s T 41K spectively of the reflectivity change.
06l ; The dynamics of broken pairs can be modeled by
Rothwarf-Taylor equatiort§ extended for the nonequilib-
rium case. The initial pair-breaking time is determined to
—menren 53 K increase from about 60 fs at=0 to about 120 fs al =65
o2 7 K. The recombination time, has a value of,=1.5 ps for
- et 65 K T—0 with a temperature dependence given by
0.0 |——r—ir———— T 7, =19+ L1570 py(T/T)/V1-T/T, (see inset of Fig. R
I wherer,.,,= 385 fs is a characteristic scattering time derived
from BCS theory'8
For the interpretation of the THz emission, two aspects
FIG. 2. Optical response of a YBCO thin film after excitation have to be considered. The first one is the generation of the
with fs laser pulses for several temperatures. The inset shows thelectromagnetic pulse itself, the second one is the output
quasiparticle recombination times derived by fits with Rothwarf-coupling of the radiation from the superconducting film. We
Taylor equations. The dashed line reproduces the dependence givetart with a description of the generation of the electromag-
in the text. netic pulses. The electromagnetic response of the supercon-
ducting bridge can be understood from classical electrody-
drops with falling temperature and the frequency shiftsnamics. Neglecting the normal-carrier contribution, the
slightly to higher frequencies. current density is given bys=2eNgyg, whereuvg is the ve-
The amplitude is found to be proportional to the bias cur-locity of the Cooper pairs. The first London equation and the
rent as well as to the pump powetata not showy proving  condition of constant current yieltfs
the superradiant character of the emissidithe amplitudes
of the electrical fields detected in forward and backward di- _ ms  INg(T,1)
rection have a ratio dt, ./ E,e=2.1. For comparison of the E(T.0)= _Js4e2N2(T) T
amplitudes of the radiated fields to that of a standard semi- *
conductor surface emitté?,an InGaAs wafer is measured in whereE is the electric field generated across the illuminated
the same setup. At a laser powRy.., of 300 mW, the for-  spot of the bridge anths is the mass of the superconducting
ward signal from the InGaAs sample is a factor of 5 highercarriers.
than the field amplitude of the superconductor emission at 60 The electric field of the emitted THz pulse then depends

ANg(T,t). 1)

10° AR/R,

04F

02l Time (ps)

@

K, Plaser = 20 mW and a bias current of 50 mA. on time and temperature according to
In order to discuss the origin of THz emission from the
superconducting bridge, we compare the THz results with 1 ONg(T,t)  ANgmaxT) Ifn(T.1)
the quasiparticle dynamics investigated by all-optical pump- EB(T.O~ NZ(T) a NZ(T) ot
probe reflection measurements. The time-resolved optical re- s * 3
ponse of a YBCO film is shown in Fig. 2. The ultrafast rise
of the reflectivity after excitation of the HTS &0 ps is According to Egs(3) and(1), the time dependence of the

attributed to Cooper pair breaking. The subsequent decreaseitted THz field is proportional to the time derivative of the
of the reflectivity results from quasiparticle recombination. reflectivity change AR/R)(T,t). Figure 3 displays the Fou-
Except forT=T,, the maximum densitANg n.(T) of the  rier transforms of the time derivatives of these reflectivity
optically broken Cooper pairs is small with respect to thechanges. The transforms reveal a broad spectrum peaking at
overall densityNs(T) of Cooper pairs in the Bose conden- about 500 GHz and extending to more than 10 THz. The
sate. Assuming that the whole absorbed photon energy igeaks in the region between 3 and 5 THz are due to phonons
used for breaking Cooper pairs and that there is an effectivthat are coherently excited by the femtosecond optical
superconducting energy gay,, one estimates from the in- pulse?
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Before analyzing the temperature dependence of the anis good agreement between the data sets. The backward-
plitudes, we first focus on the frequency of the main maxi-direction peak frequenciggircles are offset relative to the
mum, plotted in Fig. 4). With decreasing temperature, the forward-direction data(triangles. This shift is explained
peak frequency slightly shifts to higher frequencies. This bewith typical variations in the alignment of the THz measure-
havior can be understood by the faster quasiparticle dynanmment setup. Given these variations, the agreement between
ics at low temperature¢see Fig. 2 In order to compare the THz-emission data and the peak frequencies derived
these results with the THz-emission experiments we musrom the optical reflectivity measurements is fully accept-
take the spectral response of the THz antenna into accouable.

(see solid line in Fig. B The response is measured with the  Analyzing the amplitude of the THz-emission signal there
InGaAs surface emitter that acts as a “white-light” source inis a profound difference in temperature dependence between
the frequency range of interest. The full squares in Fig. 4THz amplitude and optical reflectivity changes. While the
show the temperature dependence of the peak frequency aftEiHz amplitude decreases with falling temperature, we find
convolution with the antenna response function. The opemn increase of the maximum time derivative of the optical
circles and triangles represent the peak frequency obtaingeflectivity change. This qualitative difference can be under-
directly from the THz data of Fig. 1. In both cases, the peakstood from Eq(3), where the THz amplitude is found to be
frequency shifts towards higher values when the temperatungroportional toANs,ma)(T)/Nﬁ(T). ANg ma)T) depends in-
falls. Except for a 5-10 % offset of the absolute values, ther&ersely on the superconducting gaAg(T). With falling tem-
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perature A increases, fewer Cooper pairs are broken, henceemporal evolution of the gap parameter is neglected and
the emitted electric fiel@& decreases. The same trend Bbr Ng is assumed to be time independent because of the low
is found with respect to the Cooper-pair dengity(T). density of broken Cooper pairs. The calculated THz-field
For a correct evaluation of the THz-pulse emission, addiamplitude is plotted in the upper part of Figh#and com-
tionally output-coupling effects have to be taken into ac-Pared in the lower part of the figure with the temperature
count. The electromagnetic pulse generated within the film iflependence of the amplitudes of the THz signals. All data
attenuated by absorption losses within the film and reflectio@"® normalized to the respective values for the lowest tem-
losses at the film-air and at the film-substrate interface, rePerature. The lines in the figure are guides to the eye. The
spectively. The transmitted electric field is approximately detemperature dependences of the theoretically expected THz
scribed by the expressioBi=Eytexp(—ad/2), d being the ampl!tude in t'he upper part of the figure and of the .mtleasured
mean distance the pulse must travelthe absorption coef- amplitudes displayed in the Iowe_r part are very similar for
ficient, andt the transmission coefficient. The absorption co-témperaturesT<<60 K. The deviations of the forward-
efficient is determined by the real part of the conductivityradiation signal around 60 K result from a higher optical
o, and the reflection coefficient via a= o /rceg with ¢~ €XCitation power and a higher current density ok 0P
being the speed of light in vacuum aeglthe permittivity of Alcm< close to thg critical current _densny _chqsen in these
free space. The conductivity of the sample is directly deterMeéasurements. With these conditions, it is likely that all
mined by THz-transmission spectroscdpyijelding absorp-  Pairs are broken af=60 K. We conclude that the tempera-
tion lengths of 35 nm at 65 K and 100 nm at 10 K for 0.5 ture dependence of the strength of the THz radiation pulses
THz. The transmission coefficients are given byfrom th(_a superconducting bridge is determined by the ther-
t=2n,/[n(T)+n,] with n(T) being the temperature- mal shrinkage of the supercond'uct'or energy gap gnd of thg
dependent index of refraction of the superconductor mpd temperature dependent transmission and absorpion coeffi-
that of the interface mediuM(acuun=1, Nygo=3.2).n(T)  CleNts. _ o _ _ _
can be calculated with the general dependence Withregard to practical applications, optically excited mi-
n(T)=c/\(T)w. \(T) is the penetration depth of the super- crobridges are to be compared with standard semiconductor

conductor and is extracted from THz-transmission data ofurface emitters. The emission bandwidth is narrower than
the thin films. We determine a penetration depi® K) of that of semiconductor surface emitters reflecting the slower

160 nm, yieldingn(0 K)=597 at 0.5 THz andr—0. The dynamics of Cooper-pair breaking and quasiparticle recom-

temperature dependence of the penetration depth follows Rjnation in relation to the instantaneous polarization and the

two-fluid behavior. The very high value of T) gives rise to carrier-t(an§port d.y.nam.ics of_ highly e>_<cited semiconductors.
a small transmission coefficientof the order of 103, The 1N emission efficienciegratio of emitted THz power to
ratio of the calculated transmission coefficients at 70 K andPtical pump powerare roughly comparable. Although the

at low temperature is(70 K)/t(0 K)=1.8. For the difference current change in the bridge is fairly high, the emission ef-

between forward and backward measurements, we obtainf. igncy is fundamentally Iimifced .by confinement of the ra-
ratio of ty,.s/ter=3.1 explaining the higher amplitudes in iation in the superconductajlmgh_ index 9f refractlon by.the
forward direction. supercurrentand strong absorptiofquasiparticles Consid-

With the time derivative of the relative reflectivity change ering the need for patterning, sample cooling, and the limited

determined directly from the experimental data, and with théong-term stability, superconductor bridges appear less at-

model described above, the expected temperature depetcr}‘?m_ﬁve ;‘]or t?e ge_r:jergtior; of generalr;purposl_e fr_ee-spaccra] ra-
dence of the THz-field amplitude can be calculated. If we, lation than for guided pulses in on-chip applications such as

assume that the absorbed energy from the laser pulse dol¥
not change significantly with temperature foF<T,, We thank J. Hollkott and J. Auge for providing the
ANg max in Eq. 3 is reduced by a factor of A{(T), where  samples. This work was supported by the German BMBF
A4(T) is assumed to be BCS-liKeA (T)~y1—T/T.]. The  under Contract No. 13N6288.

ut ports of superconducting logic circuits.
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