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Free-Space Electrooptic Sampling of Terahertz
Radiation From Optically Excited Superconducting
YBasCusO;_s Thin Films

Po-lem Lin, K. H. Wu, J. Y. Juang, J.-Y. Lin, T. M. Uen, and Y. S. Gou

Abstract—The characteristics of photogenerated terahertz (PCA) detection schemes to detect coherent terahertz radiation
radiation from a current-biased superconducting YBa:CuzO7_s  emitted from biased low-temperature-grown GaAs emitters.
(YBCO) bow-tie antenna were investigated using a free-space elec- In this paper, we report the first observation of terahertz

trooptic sampling technique. Picosecond electromagnetic pulses . - S .
about 450 fs wide were obtained. The frequency spectrum derived generation from supercondu_ctlnlg YBCO thin films by using
by Fourier transforming the picosecond pulses spans over 0.1-4 & FSEOS system. The polarization change of the probe beam
THz. The dynamics of the quasi-particles optically induced by the occurs when the ZnTe sensor crystal, based on the Pockels
ultrafast laser pulse primarily determines the performances of the  effect, is irradiated by the terahertz electric field. The tera-
transient terahertz radiation generated under different operating  het7_jinduced phase retardation of the probe beam is converted
parameters. The results indicate a characteristic quasi-particle . ¢ intensit dulati d detected b ina bal d
relaxation time of about 2.5 ps close to the critical temperature aLL an. In e”S'Y modatiaton-and ce ecg Yy using baiance
T., and a faster time at lower temperatures. photodiodes. Picosecond electromagnetic pulses about 450 fs

L wide were obtained. The representative frequency spectrum
Index Terms—Femtosecond laser illumination, free-space elec- derived by Fourier transform spans over 0.1-4 THz. We inves-
trooptic sampling (FSEOS), nonequilibrium superconductivity, * ' : s =T
terahertz radiation, YBa,Cu;Oy_s (YBCO). tigated the performances of the transient terahertz radiation by
measuring the dependence of the terahertz radiation on excita-
tion power, bias current, and ambient temperature. The results
show that the peak strength of the transient terahertz radiation
HE ULTRAFAST photoresponse of high- supercon- increases linearly with optical power as well as the bias current,
ductors (HTSCs) has attracted much attention due psoving the superradiant character of the emission. At lower

its unique capacity in uncovering the nonequilibrium dyambient temperature, the behaviors of the transient terahertz
namics of the optically excited quasi-particles. The opticahdiation are all the same indicated that there exists a similar
reflectivity measured by the pump-probe method has demaharacteristic time of the quasi-particle recombination. Toward
strated femtosecond time response in the superconductihg critical temperaturd®., a slower recovery component of
state [1]-[4]. Using a subpicosecond electrooptic samplirefaracteristic time 2.5 ps of the transient terahertz waveforms
system, the picosecond electrical response from a currentdigilated to the quasi-particle recombination process across a
ased YBaCu;O,_s (YBCO) microbridge exposed to pulsedsmaller energy gap was observed. The results imply that the
femtosecond optical radiation was observed [5], [6]. Recentljynamics of the emitted terahertz transient is closely related to
observation and detection of picosecond electromagnetic pulsesequilibrium superconductivity in the YBCO.
emitted from optically excited superconducting bridges have
further revived the interest of using HTSC films as potential [I. EXPERIMENT
terahert_z _radiation sources [7]-{10]. However, depending o Sample Preparation
the radiation and detection schemes employed, the resultant

waveforms and frequency bandwidths were different and had? BCO thin films were deposited on 0.5-mm-thick MgO(100)
been a subject of extensive research. For instancegCal. SuUPstrates by pulsed laser deposition. The films weres ori-

[11] and Parket al. [12] have made a direct comparison pe€nted and had a typical thickness of 100 nm. The YBCO thin

tween the performances and detected waveforms of free-spfias were patterned into a bow-tie antenna structure having

electrooptic sampling (FSEOS) and photoconductive anterfa&€nter bridge length of 200 and width of 10t with the
bow-tie angle of 60 by using standard photolithography and

wet chemical etching. The critical temperatife was 88 K
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. INTRODUCTION

B. Optical Setup

Taiwan, R.0.C. (e-mail: glinpi.ep87g@nctu.edu.tw). ___ The experimental setup for the generation and detection of
J.-Y. Lin is with the Institute of Physics, National Chiao Tung Unlversnyt h diati . ESEOS isill dsch

Hsinchu 30050, Taiwan, R.O.C. tera grtz ra iation using a systemis illustrated schemat-
Digital Object Identifier 10.1109/TASC.2003.811033 ically in Fig. 1. A continuous wave (CW) argon-laser-pumped,
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Fig. 1. Schematics of the experimental setup of FSEOS system.
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compact mode-locked Ti: sapphire laser (Femtosource C20)
provides 20-fs optical pulses at 800 nm (1.55 eV) with a
75-MHz repetition rate. The pump beam with spot size about
50 pum in diameter is modulated by a mechanical chopper
which operated at 1.3 kHz and incident normal to the center
bridge of YBCO bow-tie antenna. The electric field of the
terahertz pulse is sampled by scanning the delay between the
pump and probe beam. The superconducting YBCO bow-tie
antenna, triggered by femtosecond optical laser pulses, radiates
the terahertz beams. The terahertz radiation emitted from
the backside of the MgO substrate is collimated by an MgO I
hemispherical lens with a diameter of 5 mm attached to the gl vy ,
backside of the MgO substrate. Then, the terahertz radiation 180 135 90 45 0 45 90 135 180

passed through a 3-mm-thick vacuum window made of Teflon Azimuthal Angle o (Degrees)

and focused by a pair of off-axis paraboloidal mirrors onto the

ZnTe sensor crystal. For low-temperature measurements, Hie 2. Measured maxima of the terahertz amplitude as a function of
samples were cooled using a Janis flow-through cold-fing@P (110)-oriented ZnTe crystal's azimuthal angle where the terahertz
cryostat. Further details of the experimental setup can be foung urements (square) and fit curve [14] (solid line).

in our previous publication [13].

o

-1

-2

Peak Amplitude (arb. units)

biased superconducting YBCO bow-tie antenna measured at 50
C. Orientation Dependence of Terahertz Detection in ZnTe K. The excitation power and bias currediX were 200 mW
. . a}nd 440 mA, respectively. A sharp pulse about 450 fs wide is
Fig. 2 shows the measured maxima of the terahertz ampl- ; . .
. . observed. The polarity of the terahertz radiation waveform is
tude as a function of the azimuthal anglewhen the probe : . : L ) .
N .. opposite by reversing the bias current direction, and no signal is
beam polarization is parallel to the terahertz beam polarizatior). . . : e
! . L served when the bias current is not applied. The polarization
The orientation dependence of terahertz beam detection in Zn ¢ P . T
was accomplished by using an undoped semi-insulating G he terahertz radiation is parallel to the bias current direction
b y 9 P 9 Sa%he bridge. The modulation after the main pulse is measured

(SI-GaAs) photoconductive switch [13]. Here, the angleas . : . .
defined as the angle of the terahertz beam polarization and neder different operating parameters as will be discussed later.

probe beam polarization with respect to the (001) axis of t%?representatlve power spectrum derived by Fourier transform

: : the terahertz waveforms is shown in the inset of Fig. 3. The
(110)-oriented ZnTe crystal. These results show the optimal g diation frequency spectrum extends from 0.1 to 4 THz with

irra;'tr;? [pljr]ameters for terahertz pulse detection using the Zri]tsepeak intensity at 0.6 THz. The bandwidth at half-maximum
y ' (BWHM) of the frequency spectrum is around 1.1 THz. The
. R D corresponding atmospheric water vapor absorption at 1.1, 1.4,
- RESULTS AND DISCUSSION and 1.7 THz was observed.
Fig. 3 shows the typical photogenerated terahertz radiation as-ig. 4 shows plots of a series of transient terahertz wave-
a function of the scanning delay time obtained from a currerforms as a function of excitation power for the superconducting
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Fig. 3. Measured transient terahertz radiation from superconducting YBCO . )
bow-tie antenna at 50 K. The excitation power and bias current were 200 nfil@- 5. Bias current dependance of detected terahertz peak amplitude. The

and 440 mA, respectively. The inset shows the frequency spectrum by Fougglid line is drawn to indicate the trend. The inset shows the terahertz waveforms
transform of the terahertz waveform. for various the bias currents. The excitation power is 120 mW measured at 60

K.
3
T=30K . ?“ is generated by the modulation of the supercurrent. Namely, the
o |ema 2%, transient waveform can be interpreted as the first derivative of
2 gs the supercurrent in the films, and the time integral of the ob-
2 p 9
5 af e SEE— served amplitude corresponds to the current transient in the time
£ Excitation Power (mW) 200 mW domain. The obtained terahertz radiation emitted from YBCO
2 “""‘“\l \J thin films by using the PCA detection technique were reported
2 n 160 mW - - -
£ ,.,.,/\\/.!‘ TN by Hangyoet al.[10]. The radiation mechanism was attributed
2 4[ Vs 120mwW to ultrafast supercurrent modulation by the laser pulses, which
8 APMNAANANA— AN —~~AAN p y p
£ w\/\’x/\/vvw“zw‘-/"m induce the nonequilibrium superconductivity. In that case, the
o 40 mW nonequilibrium superconducting state is directly monitored as
= 20 m a transient change of the supercurrent. As can be seen, the de-
0t e crease in the current is determined by multiple excitation of the

-2 0 2 4 6 8 10

Time Delay (ps) guasi-particles due to hot-carrier thermalization. The decrease

in the number of Cooper pairs results in the decrease in the su-
Fig. 4. Series of detected transient terahertz waveforms as a functionR§frcurrent. The current recovery may be explained in terms of
excitation power. The inset displays the linear relationship between ttiee recombination of quasi-particles into Cooper pairs. The pre-
terahertz peak strength and the excitation power. viously mentioned characteristics are consistent with the results
obtained here. Moreover, the bandwidth of the frequency spec-

YBCO bow-tie antenna. The peak strength of emitted terahettdm we observed is wider and the modulation of the terahertz
fields increases linearly with optical excitation power as showmaveforms after the main pulse, detected by using FSEOS, is
in the inset of Fig. 4. Itis evident that modulation after the maidbserved for all the excitation power and bias current applied.
pulse is always present over the whole range of optical exdihe appearance of the modulation of the terahertz radiation may
tation power studied. Besides, the bias current dependencé@fttributed to the high-frequency components on the supercon-
the transient terahertz radiation is illustrated in Fig. 5. The peékcting YBCO thin films [8]. Detailed analysis is underway.
amplitude increases in proportion to the bias current up to aboufrom the behaviors of bias current and excitation power, it is,
200 mA. Beyond this value, though it is still much less than thtbus, interesting to see whether the waveforms and frequency
critical currentl.. (I. = 650 mA at 60 K), the peak amplitude spectra would change with ambient temperature. Fig. 6 shows
increases rapidly due to the flux flow effect [15]. The resistivthe temperature dependence of emitted terahertz waveforms. It
state resulted from laser heating or flux flow would produceia evident that the transient terahertz waveform behaviors are
normal region that weakens the screening effect and absorptiba same in each case, except in the results at 75 K, in which
in the YBCO films and hence increases the emission efficienttye waveform after the main pulse followed a slower compo-
of the terahertz radiation. The fact that peak amplitude is pmoent with a time of about 2.5 ps. Namely, the negative signals
portional to both the excitation power and the bias current, ewif the main pulse attributed to the decrease in the supercurrent
dencing the superradiant character of the emission [9]. have no significant temperature dependence, and the positive
As far as classical electromagnetic dynamics is concernemes had different waveform behaviors that may be related to the
a far-field radiated terahertz electric field is proportional to thguasi-particle recombination processes near the critical temper-
time derivative of the net current. From the previous results, itégure7,. of the YBCO films (the increase in temperature will be
natural to suggest that the terahertz radiation from YBCO filnabout 10 K with the excitation power in our case). Besides, the
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18F and suitable ambient temperature, a series of transient terahertz
/ 30K radiation waveforms with different recombination times can be
15 ”\/b\/ ’\/\,\/\N\A/\/\I‘ obtained.

THz Intensity (arb. units)

IV. CONCLUSION

We report the first observation of terahertz generation and
60 K detection from current-biased superconducting YBCO thin
films excited by femtosecond optical pulses by using a FSEOS
technique. The picosecond electromagnetic pulses (450-fs
width), generated by the terahertz-field-induced phase retarda-
tion of the probe beam converted into an intensity modulation,
were obtained. The representative frequency spectrum derived
Time Delay (ps) by Fourier transform spans over 0.1-4 THz. The dynamics of
the emitted terahertz transient related to the nonequilibrium

_ _ _superconductivity is investigated by measuring the dependence
Fig. 6. Temperature dependance of emitted terahertz waveforms. The si

intensities were normalized by the negative peak strength of the main pulsgsf; he radiation on excitation power, bias Curre.nt' and ambient
terahertz waveforms. The excitation power is 100 mW. temperature. The present results can be considered as a useful

manner to probe the nonequilibrium superconductivity with the

. . . L . femtosecond time-resolved spectroscopy.
modulation after the main pulse is maintained by varying the P Py

ambient temperature as well as the excitation power and bias
current. With regard to the peak amplitude of terahertz signals,
the radiation amplitude rapidly increases with increasing am-The authors would like to express their appreciation to Dr.
bient temperature and can be explained by the thermal shrinkageC. Zhang for discussion of the FSEOS technique.
of the superconductor energy gap and of the temperature depen-
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