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The origin of photogenerated terahertz radiation pulse emitted from current-biased superconducting
YBa,Cu;O; _ s thin films excited by femtosecond optical laser pulses is delineated. By investigating
the performance of the transient terahertz radiation generated under different operating parameters,
pulse reshaping in the measured terahertz electric field caused by the kinetic inductance of the
superconducting charge carriers is identified. After recovering the original wave forms of the
emitted terahertz pulses, the transient supercurrent density directly correlated to the optically excited
quasiparticle dynamics is obtained. A fast decreasing component of about 1.0 ps and a slower
recovery process with a value of 2.5 ps are unambiguously delineated in the optically induced
supercurrent modulation. The radiation mechanism of the transient terahertz pulse related to
nonequilibrium superconductivity is discussed. 2004 American Institute of Physics.

[DOI: 10.1063/1.1738537

INTRODUCTION discrepancies in trying to directly associate the resultant
pulse shape with the characteristic times of the optically in-

The ultrafast photoresponse of higg-superconductors duced quasiparticle generation and recombination. Further-
(HTSC9 has attracted much attention due to its unique ca- q P 9 '

o ) o . more, although THz radiation based on the supercurrent
pacity in uncovering the nonequilibrium dynamics of the OP- - odulation has been proposiihe radiation mechanism of

tically excited quasiparticles. The photoinduced transient re- hotogenerated THz radiation is still obscure because it is

flectivity cha_nge .r_neasured_ py the optlca_l pump prqb argely inconsistent with the characteristics of optically ex-
method has identified two distinct characteristic relaxation . oo . . .
. . . . . .~ cited quasiparticle dynamics obtained by femtosecond time-
times in the superconducting state, linked to the information

. . . resolved spectroscopy.
of the energy gapUsing a subpicosecond electro-optic sam- Do . .
pling system, the typical nonequilibrium kinetic-inductance Coherent THz radiation emitted from biased photocon-

photoresponse of voltage transiewias ascribed to the non- ductive switches has been investigated and explained as
follows.%1 The externally biased constant voltage drives the

equilibrium quasiparticle generation and recombination in . .
the presence of an applied dc bias curfent photogenerated carriers to form a transient photocurrent
' across the field region. A radiated THz electric field is ob-

Recently, the modulaiion O.f. Kinetic mductance by u_I— tained by the time derivative of the net current. It acts as the
trafast laser pulses has been utilized as a sampling technique

. . source term in Maxwell’s equation, given as
for measuring ultrafast electric wave forth©n the other q 9

hand, the reshaping of terahe(f@z) pulses upon transmis- 9]

sion through superconducting thin films caused by the ki- ETHZ“E. D
netic inductance of the superconducting charge carriers was

detected by using coherent THz time-domain spectrostBpy. |t is natural to suggest that the amplitude of transient

In general, the kinetic inductance of charge carriers is néty; glectric field in superconducting films can be similarly
glected since the intrinsic impedance is usually dominated by,erpreted as the time derivative of the supercurrent density.
the resistance. In a superconducting state, however, the kite gynamics of the quasiparticles optically induced by the
netic inductance becomes more significant and must be coRyafast laser pulses then determines the performance of the
sidered as an important parameter. This pulse reshaping &fansient THz radiation generated under different operating
fect is, unfortunately, mostly ignorecunintentionally in  h3rameters. Since the THz electric field is measured at the
interpreting the observed picosecond electromagnetic pulsgs, kside of substrate, the pulse may be reshaped by the ki-
emitted from optically excited superconducting bridges,netic inductance of the superconducting charge carriers
which have revived interest in using HTSC films as potentialofore reaching the detector. In this article we report the
THz radiation source&.® As a result, depending on the ra- g carvation of THz generation from superconducting
diation and detection schemes employed, there have beefBaZCu307_5 (YBCO) thin films by using a free-space
electro-optic samplingFSEQS technique. By taking into
dElectronic mail: glinpi.ep87g@nctu.edu.tw account of the effect of kinetic inductance on the pulse re-
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bridge is 200um long and 100um wide with the bow-tie
angle of 60°. The critical temperatufe, was 88 K after
patterning into the antenna structure and the critical current
densities {.) were 1.%10° A/lem?> at 77 K and
1.0x 10" A/lcm? at 50 K. In addition, for optical reflectivity
measurements, 300-nm-thick YBCO film was deposited on
SrTiO3(100) substrate. The details of the optical setup of

transient reflectanceAR/R) measurements were similar to
those reported previousty.

The generation and detection of THz radiation was real-
ized by using FSEOS technique. A cw argon-laser-pumped,
compact, mode-locked Ti:sapphire lageemtosource C20
provides 20-fs optical pulses at 800 {55 e\j with a 75
MHz repetition rate. The pump beam focused into a spot size
4} about 50um in diameter was 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
3 field of the THz pulse was sampled by scanning the delay
between the pump and probe beam. The superconducting
YBCO bow-tie antenna, triggered by femtosecond optical
2L laser pulses, radiates the THz signals. The THz radiation
-100 mA emitted through the backside of the MgO substrate was col-
limated by an MgO hemispherical lens with a diameter of 5
1L mm attached to the backside of the substrate. The THz radia-
tion was then passed through a 3-mm-thick vacuum window
made of Teflon™ and focused by a pair of off-axis parabo-
loidal mirrors onto the 1.0-mme-thick ZnT&LO sensor crys-
tal. For low-temperature measurements, the samples were
cooled using a Janis flow-through cold-finger cryostat. In the
FIG. 1. () Schematic diagram of the free-space THz generation in thedetection segment, the orientation dependence of THz beam
experimental setup in whicty is pulse duration of either laser or THz pulse. detection in ZnTe crystal was accomplished by using an un-
The enlarged portion denotes the matter of the original THz plgg¥ and doped semi-insulating GaA$SI-GaAs photoconductive

the reshaping of THz pulsds,(t) that transmission through the supercon- ; ; _
ducting YBCO film and substrate in the time domdin). Measured transient switch. The shape of THz DUIseS remains, but the peak am

THz radiation from superconducting YBCO bow-tie antenna at 50 K. ThePlitude of the ;ignal and the polarity vary \{Vith. the PrObe

polarity of the THz wave forms measured with bias currents-aD0 mA ~ beam polarization and the THz beam polarization with re-

and —100 mA. No signal is observed when zero bias current is applied. spect to the(001) axis of the(110)-oriented ZnTe crystal.
The results were then used to determine the optimal operat-
ing parameters for our THz detection setup. Further details of

She experimental setup can be found in our previous
sublication?

YBCO thin film t,~ ps

—
QO
~

Electric Field (arb. units)

0 2 4 6 8 10

(b) Time Delay (ps)

shaping, our results demonstrate the direct connection b
tween the quasiparticle dynamics and the detected THz r
diation. Indeed, by transforming the pulse shape back to th

original circumstance, the time integral of the original THz

pulse reveals a fast decreasing component of about 1.0 pSESULTS AND DISCUSSION

and a slower recovery process, with a value of 2.5 ps for the . o .
optically induced supercurrent modulation, consistent with ~ The typical photogenerated THz radiatiofHz electric
that obtained from the optical reflectivity measurementsfield pulseEr;) as a function of the scanning delay time
These results not only remove the discrepancies just merfPtained from a current-biased superconducting YBCO bow-
tioned, but also indicate that the THz generation is a directi® antenna measured at 50 K is shown in Fi¢h)1The

manifestation of quasiparticle dynamics in response of th@ptical excitation power was 190 mW and the biased cur-
optical excitations. rents were+100 mA, 0 mA, and—100 mA, respectively. A

sharp pulse about 450 fs wide is observed. The figure also
shows that the polarity of the THz electric field is reversed
by reversing the bias current direction, and that no signal is
Schematics of the experimental setup are shown in Figobserved when no bias current is applied, revealing the es-
1(a). YBCO thin films were deposited on 0.5-mm-thick sentiality of the optically induced transient supercurrent den-
MgO(100) substrates by pulsed-laser deposition. The filmssity. This consequence can be understood from (Eg.in
were c-axis oriented, and had a typical thickness of 110 nmwhich the change of photocurrent with time can be treated as
for the THz generation experiments. The YBCO thin filmsthe supercurrent transient in superconductors.
were patterned into a bow-tie antenna structure using stan- We note that in order to describe the generation of the
dard photolithography and wet chemical etching. The centefHz radiation, two major points have to be clarified. The first

EXPERIMENTAL DETAILS
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FIG. 2. Temperature dependence of emitted THz wave forms. The excitatiofr|G. 3. (8) Measured(outpu) THz pulseE(t) at 50 K, (b) original THz
power is 190 mW. The dramatic change in pulse shape is shown in th@ulseE;(t) obtained by Eq(3) using the data ifa), and(c) measured THz
figure. pulse at 70 K.

one is the carrier dynamics giving rise to the generation opcale was obtained, however, if one interprets the transient
the THz electric field pulse, and the other one is the outpuvave forms shown in Fig. 2 as direct manifestation of
coupling of the radiation from the superconducting thin@Js/dt. The response time obtained this way appears to be
films. The dynamics of the emitted THz transient related tot00 fast for supercurrent transient associated with quasiparti-
the nonequilibrium superconductivity is investigated by mea<cle dynamics. Similar difficulties have been encountered
suring the dependence of the radiation on optical excitatio§vhen trying to assign the subpicosecond recovering time to
power, bias current, and ambient temperature. The peaftuasiparticle recombination response titfayhich is about
strength of the transient THz radiation was found to increas@n order of magnitude shorter than normally conceived
linearly with optical excitation power as well as the bias values:*?
current, indicating the superradiant character of the In general, the frequency-dependent conductiviffw)
emission’ Next, it would be interesting to see whether the Of the superconducting carriers is purely imaginary, indicat-
wave form changes with ambient temperature. Figure 2nd that the superconducting films may act as an ideal induc-
shows a series of emitted THz pulses obtained at sever#pr- This property is referred to as kinetic inductance, since
temperatures. The phase and the shape of the transiefe effect is a consequence of the superconducting carrier’s
change significantly at different ambient temperatures. It isinetics®>*4The phase sensitivity of the THz pulse spec-
evident that the shape of the transient terahertz pulses is drometer allows us to observe directly the kinetic inductance
most the same in each case, except for the 70 K results, ipf the carriers. The results are illustrated in Fig. 3, which
which the shape after the main pulse followed a slower comshows the time-domain spectroscopy taken on the YBCO
ponent with a characteristic time of about 2.5 ps. It is notedilm at 50 K. The outputmeasureglelectric field of the THz
that the phase of the pulse also shifts with increasing th@ulse is determined by the response of the film and the di-
temperature. With regard to the peak amplitude of THz Sigelectric properties of the substrate. MgO substrate turns out
nals, the radiation amplitude rapidly increases with increasto be an excellent material with sufficiently low loss to allow
ing temperature. This phenomenon has been attributed to tH@r the extended propagation of subpicosecond electromag-
reduced superconductor energy gap and associatdtftic pulses. The influence of the substrate on pulse shape
temperature-dependent  transmission and  absorptiofRn be neglected. Notice that there is a dramatic change of
coefficients’ the pulse shape in Figs(e88 and 3c) for results measured at
As far as classical electromagnetic dynamics is con90 K and 70 K, respectively. In order to yield the original
cerned, a far-field radiated THz electric field is proportional THZ pulse[ E;(t) denoted in the enlarged graph of Figal,
to the time derivative of the net current. From the results justvhich emitted from the superconducting microbridge, propa-
presented it is natural to suggest that the THz electric fiel@ated through the superconducting film itself, passed through
Ery, from YBCO films is generated by the temporal modu- the substrate and lens, and then transmitted to the free space,
lation of the supercurrent densityl/dt. Within the frame-  the output THz electric fielé,(t) is transformed via a trans-
work of the two-fluid model, the bias current densitycan  fer function. The transfer functiofi(w), relating the original

be described as pulseE;(w) and output puls&,(w), is expressed as
= E
J=2enys, (2) T(w)= EO(w)oc(—iw), 3
wheree is the charge of the carriedy is expected to change i(w)

when an optical transient is illuminated at the bridge regionwhere the puls&(t) is Fourier transformed to gé&i,(w),
The time derivative o thus gives a transient wave form of divided by (—iw), and inversely Fourier transformed to
the induced radiation. On the other hand, the time integral ofield E;(t).

the observedE-field amplitude correspondently gives the The calculated pulsg;(t) (the original ongis shown in
current transient in the time domain. An unphysical timeFig. 3(b). This original pulse has the shape of the initial THz
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electric field that is not affected by the kinetic inductance of 3.0

superconducting film itselit is interesting to note that the @ sl

recovered pulsgFig. 3(b)] has a wave form similar to the 70 € ’ 60 K
K result[Fig. 3(c)]. It is indicative that for the 70 K result, 5 20}

due to having fewer participating superconducting charge s 50 K
carriers, the effect of kinetic inductance is insignificant. S 1sF

(With the excitation power illuminated in the region of the ook 40 K
superconducting bridge, a rise of about 10 K is estimated to § 0K
drive the actual sample temperature to n€ar) It appears 205

that the pulse reshaping is a direct result of the superconduc- w oo ) ‘ . . . .

tor’s kinetic inductance. Moreover, the phase of the transient 4 6 8
also changes significantly in the time domain and is consis- Time Delay (ps)
tent with that reported earlie?. FIG. 4. Temperature dependence of the recovered THz pulses calculated
As can be seen in Fig. 2, the phase shift of the propafrom the data in Fig. 2 and the transfer function.
gated transient is roughly 240 fs beldw . Taking the ab-
sorption coefficienta=1.1x10"° cm™! for YBCO thin _ o . o _ _
films, an optical penetration depth éf= 1/a~ 90 nm above p|cted in Fig. %c). Fmally_, the_ |rrad|atedE-f|eId pulse is
T, is estimated® The value ofs will rapidly reduce upon mteg_rated over the sampll_ng tlme to obtain Fhe supercurrent
decreasing temperature beld due to the variations in the density transientdJ. As is evident from Fig. &), AJs
heat capacity as well as the temperature transient irradiatePParently exhibits two characteristic time scales: a descend-
by the laser pulse. We note that, in the more establishelf!d time of about 1 ps and arising time of about 2.5 ps. If we
coherent THz time-domain spectroscopy technique, whictftlfibuteAJs to be associated mainly with quasiparticle dy-
uses SI-GaAs photoconductive switch as the THz radiatiof@Mics, the two characteristic times should correspond to
source, similar pulse reshaping of transient THz was Ob[nulnple_ excnatlo_n of hot-carrler_ther_mallzat|0n—|_ndu_ced Su-
served(not shown hergfrom a 30-nm-thick YBCO film de- Percarrier reduc_tlon and to q.ua3|part|cle recomblnat!on to re-
posited on NdGa@substrate. In that case, the pulse reshappover supercarriers, _respectlvely. The latter usually is related
ing was modeled as a transmission line shunted by al .the. superqonductmg energy gap and has bgen employed
inductor having an impedancz= —iwL to act as a high- ubiquitously in pump-probe measurements to infer energy

pass filteP In principle, the inductancé as a function of gap evolutions.

temperature must be taken into account in the transfer func- Usually, the optical reflectivity measu_red by the optlcal_
tion T(w) in Eq. (3). In particular, since YBCO is known to pump-probe method has a femtosecond time response, while

have d-wave pairing, the nodal regions can lead to strongthe ??% op(:r:;]ng 'ﬁ ;nann‘estfid dbty a _raptld |][|10rfase n ttr;]e

temperature dependence of the kinetic inductance even we pitu edo " € ptotog_T_P]era I(ta fratr1$_|en r;a tﬁc anfcle Itn i €

below T, . However, in our case, althoughmay affect the superconducting state. The ultratast rise ot the refiectivity
%fter excitation of the YBCO is attributed to Cooper pairs

absolute pulse amplitude, it does not change the genui ) .
characteristics of the radiation. This explains the essential?freakmg’ and the subsequence decrease of the reflectivity

similar behaviors observed for temperatures below 60 K. Fore.su'tS from quasiparticle relaxat|on'. Beldw, the logarith-
mic plots of AR/R reveal a break in slope neé+ 2.5 ps.

the 70 K result, the influen f temperature- ndent in- .
€ 70 K result, the influence of temperature-depende wo relaxation processe¥ (fast componentr; and slow

ductance and the enhanced optical penetration depth in the .

. . . ._componentr,) in our measured data can be clearly observed
superconductor sets in, leading to a very different behavior . . . )
shown in Fig. 2 In YBCO films, as shown in the Fig.(B). In this case, the

Following the previous discussion, the temperature de'_[wo—component fit to the data yields two relaxation times

pendence of the original THz pulses from YBCO films are
obtained and shown in Fig. 4. The fact that all the recovered

10 12 14

=]
N

pulses exhibit almost the same behavior not only lends ?_(a) gmA
strong support to our previous conjectures, but also is indica- = et
tive of one essential underlying mechanism. Since &j. : WE =
implies that the optically induced transient of the supercur- ST W
rent density in the time domain can be subsequently obtained HICRR N 'Em,'a A'Js,,'l c :
by integrating the recovered emitted electric field pulses as T §E
long as the supercurrent transient is the only prominent S e o L e
mechanism giving rise to the observed radiation. 2 ﬂ)___ﬂ/——i_.

In Fig. 5, we briefly recap the main observations de- T P

scribed so far. With no bias current, no THz radiation is
observed[Fig. 5@)], indicating again the important role
played by the supercurrent density. Figurgn)5shows the FIG. 5. Arecap of THz gen_eration re_Iated to nonequilibrium sup?rcor”lduc-
pulse directly detected which presumably has been reshapt%kffty' (& no THz signal with zero bias currentp) the detected “raw

. 2o . . erahertz radiation(c) the recovered terahertz radiation after removing the
by the kinetic inductance. By using the transfer function eX+;netic inductance effect, anttl) the “actual” supercurrent transient ob-

pressed in the form of Eq.3), the recovered pulse is de- tained by integrating the recovered radiation pulses.

Time Delay (ps)
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oscillation tails in various THz radiations may have arisen
from the absorption of atmospheric water vapothe fact
that it can be significantly suppressed by removing the ki-
netic inductance effect indicates the antenna circuit itself
might be important as well. Analyses along this direction are
in progress and will be reported separafély.

CONCLUSIONS

In conclusion, we report a free-space electro-optic sam-
pling of the terahertz pulse generation from current-biased
superconducting YBCO thin films with excitations of femto-
second optical laser pulses. The effect of the kinetic induc-
tance originated from the superconducting charge carriers is
identified to be solely responsible for the pulse reshaping of
the original terahertz pulse. The distorted pulses inevitably
result in unphysical time scales, which, in turn, have pre-
vented a direct interpretation relating the supercurrent den-
sity transient-induced radiation to quasiparticle dynamics. By
including a proper transfer function to remove the effect of
kinetic inductance and to recover the original shape of the
radiation pulses, we have been able to relate the quasiparticle
dynamics associated with nonequilibrium superconductivity
to the photogenerated THz radiation in a consistent and
physically plausible fashion.
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