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Nonequilibrium superconductivity and quasiparticle dynamics in YBaCu;0,_5
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We have measured, using optical-pump terahertz-probe spectroscopy, the ularbjagtafie conductivity
dynamics of quasiparticles and superconducting pairs in,€Bg0; 5 (5=0, 0.5 thin films from 4 K toT...
In optimally doped films, the recovery time for long-range phase-coherent pairing increases rtéms at 4
K to ~3.5 ps neaiT., consistent with the closing of the superconducting gap. For underdoped films, the
measured recovery time is temperature indepen®&tp9 in accordance with the presence of a pseudogap.
These results are compared to all optical pump-probe measurements at 1.5 eV.
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While the precise mechanism for pairing in high-su- Terahertz time-domain spectroscogpyTDS) is an ul-
perconductor§HTSCO) has yet to be unambiguously deter- trafast optical technique in which near single-cycle free-
mined, the past several years have resulted in significant inspace electric field transients are used to measure the com-
provements in our understanding of these fascinatinglex conductivity @g=o+icoi,) of a material® The
materials. This understanding has been fueled in large pa@iectrical pulses contain Fourier components freni00
by improvements in the growth of high-quality single crys- GHz to several THZi.e., ~0.4 meV-15 meymaking them
tals coupled with experiments such as neutron scattering arf? ideal source for submillimeter-wave studies of the elec-
high-resolution angle-resolved photoemission spectrosifodynamics in superconductors. As representative examples,
copyl Ultimately, a more complete understanding of theTTDS_ ha§ been used to study the vanishing of phase _coher-
ground-state properties of HTSC will require further efforts €1C€ in BiSRCaCy0g. ; (Ref. 13 and for the observation

in this direction. However, studies on thin films will continue 'CI)'I 5 thg Cc'gx'lse ThJOST?-?hSOT plasrga_ r(;asfonanfce n
to play an important role in elucidating the properties of 2 &-atllg. e THz pulses are derived from femto-

HTSC for several reasons. For a variety of experimentaF'econd optical pulses and therefore the optical and THZ.
techniques it is difficult or impossible to utilize single crys- pulses are temporally coherent. Thus, a sample can be opti-

tals. Equally important is the fact that many practical appli-CaIIy excited and then probed with a THz puiss a function

the relative arrival time between the optical and THz pylses

cations of HTSC ranging from gigahertz electronics for satv, 1 easure induced conductivity changes on an ultrafast

ellite communications to broad-band high-sensitivity photon;mescale.

deteqtqrs require thin-film strgcturéslt_is glso wortr_l em- We have used this experimental technique, known as
phasizing that such technological applications require a thokjme-resolved terahertz spectroscdfRTS), to measure the
ough understanding of the excited-state, or nonequilibriumeonductivity dynamicgboth o, and o) in YBa,Cuz0,_ 5
properties of HTSC which, to date, has not been achieved.(YBCOF{S) for =0, 0.5 with picosecond resolution. Im-
Ultrafast all-optical pump-probe experiments have pro-portantly, by probingr, we are able to monitor the dynamics
vided some insight into the ground state and nonequilibriumassociated with the interplay between the quasiparticle and
properties of HTSC'® These time-domain experiments superconducting pairs. Caution is required in interpreting the
have the ability to temporally distinguish dynamics related todynamics as artifacts are possible. This has been the subject
superconductivity. This is important given the multiplicity of of an earlier publication’ In optimally doped films, the re-
similar energy scales in HTSC which can be difficult to spec-covery time for long-range phase-coherent pairing increases
trally resolve in the frequency domain. However, a potentiaffrom 1.5 ps &84 K to ~3.5 ps neai., consistent with the
drawback of time-domain optical experiments is that theclosing of the superconducting gap. For underdoped films,
probe energy, typically 1.5 eV or greater, is much larger tharihe measured recovery time is temperature indepen@eht
the relevant energy scales in HT$@pically severak,T.;), p9 in accordance with the presence of a pseudogap. These
such as thal-wave superconducting gap or pseudogap. In aTRTS results differ from all-optical pump-probe measure-
few cases, optical pump, far-infrared probe experiments havments at 1.5 eV as discussed in more detail below.
been wused to study HTSC and conventional The films used in these experiments were growr 10
superconductors:™® For example, 1.6 eV pump, 60-180 single crystal MgO substrates using off-axis rf magnetron
meV probe @b)-plane ultrafast reflectivity measurements sputtering resulting in twinned crystalline films with the
have been performed on optimally and underdoped YBC@-axis perpendicular to the plane of the substrate. The
by Kaindl, et al'® They measured the ultrafast recovery of YBa,Cu;0;_ 5 =0 (0.5 films were 50(300) nm thick. T,
both the superconducting condensate and pseudogap correl@as 85 K(50 K) for the §=0 (0.5) films. The experiments
tions whose amplitude showed the same temperature depeuntiized a commercial-based regeneratively amplified
dence as the 41 meV peak observed in neutron scatteringi:Al ,05 system operating at 1 KHz and producing nomi-
This suggests that antiferromagnetic fluctuations play a rol@ally 1.0 mJ, 150 fs pulses at 1.5 eV. The THz pulses were
in pairing in HTSC. generated and detected using electro-optic techniques. A He
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FIG. 1. () and (b) i, as a function of frequency for thé é Tz » i
=0 and 0.5 films, respectivelyic) and (d) show the temperature -5 0 5 101520 0 “(’ 1-:’ -
. . ime (ps ime S
dependence af,. (O) and o, (X) at 500 GHz. The solid lines are °
fits using Eq.(1). FIG. 2. (@ and (b) o, and o, versus frequency at various

delay times subsequent to optical excitation #+0.5. (c) and (d)
cryostat permitted temperature-dependent measurementse temporal dependence of the conductivi®y5 TH2) at initial
from 4-300 K. Further details of the TRTS experiments araemperatures of 20 and 45 K for YBGO. (e) and(f) The temporal
described elsewherg. dependence of the conductivit9.5 TH2 at initial temperatures of

Figures 1a) and Xb) shows the imaginary conductivity 4 and 85 K for YBCQ,. The lines in(c)—(f) are to guide the eye.
from 0.2 to 0.8 THz at various temperatures for the0 and

0.5 films, respectively. BelowW., oiy displays a clear I/ studies, show that as the temperature is decreased Below
dependence. The real part of the conductivitpt shown is  there is a dramatic increase in,, related to an increase in
relatively flat over this frequency range. These results arghe superfluid population. In comparisan,, first increases
similar to other THz experiments on YBCO thin filt*"  \ith decreasing temperature aboVe and then decreases
For the present discussion, the two-fluid model, which hafbelowTC. This peak in the temperature dependence,gfis
been extensively used in describing the complex conductivgye to an increase inwith decreasing temperature which is
ity in superconductors will be employedin this model, the  eyentually offset by a decrease g below T.. The solid
conductivity is composed of two components: an imaginanyjines in Fig. 1c) are calculations using the two-fluid model
component that is dominated, beldli, by the superfluid [Eq. (1)] with fg=1—(T/T.)2, which is what is expected for
population and a Drude component that is proportional to thgy.yave pairing with strong impurity scatteri?gThis model
fraction of quasiparticles in the normal state. The complexits the experimental data reasonably well and aids in under-
conductivity is given by standing the dynamics measurements. Most importastly,
is a measure of the superconducting fraction, andis a

o(w,T)=0,tioim measure of the quasiparticle fraction and scattering time.

: Thus, upon optical excitation, the picosecond dynamics of
ne? fo(T) i .
= 4 f(T)|—+mdw)|], each component can be determined.
m* | 7(0,T) *—iw w Photoexcitation of YBCO in the superconducting state

1) with a 150 fs, 1.5 eV pulse breaks superconducting pairs
resulting in a decrease 6f and a commensurate increase of
where the first term corresponds to the normal fraction andhe quasiparticle fractiorf,,. Below T, a transient decrease
the second term to the superconducting fraction. In this equan o;,, and an increase io,. is expectedsee Eq(1) or Figs.
tion, n is the total carrier concentratiom* is the effective  1(c) and 1d)]. It is important to note that in making these
mass,f,(T) andf¢(T) are the normal and superconducting measurements the conductivity has to be measured at each
fractions (,+fs=1), respectively,7(w,T) is the carrier delay between the optical and THz pulses. This is because
collision time for the normal fraction, and is the tempera- optical excitation modifies botlr,, and o;,, meaning that
ture. The temperature dependence of the conductivity arisdsoth the amplitude and phase of the THz electric field
from the temperature dependencefgf f, andr. change. Therefore it is not sufficient to sit at the peak of the
Figures 1c) and 1d) shows the measured complex con- electric field and scan the optical delay line to measure the
ductivity versus temperature at 500 GHz f6+=0 and 0.5 dynamics. Figures(2) and 2b) show the transient changes
films. The crosses and circles are the experimentally medn the real and imaginary conductivity foré&= 0.5 sample at
sured values for the imaginary and real parts of the conductO K after excitation with a 150 fs 6QJ optical pulse cor-
tivity, respectively. These results, in agreement with otheresponding to an initially photoexcited quasiparticle density
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of ~4x10' cm™3. There is a sharp decreasedp, and an 2 /\\i:igazc%% =1 2 f\ib) TBayCuy0 1
increase ino,e. Similar behavior is observed for the opti- Bis QR r 3503y 5 \Cmickoirbosa
mally doped films. Figures(2) and 2d) show o\, and o, g { SKit=29405ps] 1 J \

at 500 GHz as a function of time at 20 and 45 K, respec- e /AN
tively, for YBCOg 5. Figures 2e) and 4f) show similar plots gffosj T o b R L
for the YBCGO, o film at 4 and 85 K. These data clearly show e e e
that upon optical excitation, there is a strong decrease in the 5 mes) L Tme®)
superconducting carrier fraction which partially recovers on —~ () s

a picosecond time scale. The incomplete conductivity recov- 5 “fa o aTa .o *e 1
ery at longer times arises from the creation of a large number T gpat ATl 2 : .
of phonons in the film as the quasiparticles relax. On a ns S sle s ° ®e ]
time scale the film returns to the initial temperatyend : I s

conductivity) as the phonons leave the film via thermal trans- 10 10 Do 28 a0 BO 60 70 @0 o0
port to the substrate. T (K)

To determine the superconducting pair recovery tirpe

in a consistent manner we fit the decay of the integrated F'G'd& g") and (ll')) 'gen:pora_ll ev?lutionr;tf rtgs fglre\c(tric figld
. : ) quared and normalized at various temperatu B
square of the electric field as a function of pump-probe dela)?(BCOS_s, respectively. The circles are the data and the lines fits as

to an exponential curve with decay timg plus an offset, described in the text. The curves are vertically displaced for clarity.

We have included -the width of the THz probe P“'Se by pe.r-(c) Measured lifetimer,, as a function of temperature. The circles
forming a convolution between a 2.5 ps Gaussian pulse WitQe for 5=0.0, and the triangles are fé=0.5.

the exponential decay. The temporal evolution of the electric

field squarednormalized to 1is shown in Fig. 3 at various dent. Despite the strong optical perturbation, the changes in
temperatures for théa) YBCO;, and (b) YBCOq 5 films. 7, for the YBCG, ; and YBCQ 5 films are distinctly differ-
The circles are the data and the lines are the best#js ( €nt as Fig. 3 demonstrates.

and fits usingr,+0.5 ps. Reasonable exponential fits are The observed dynamics cannot be fully explained in terms
obtained at all temperatures. The lifetimg determined at  Of noneqU|I|br|urr216 theory developed for conventional
each temperature using this procedure is shown in Fig. 3 sqperqonductor%‘r’: There are primarily two reasons for
The error bars are one standard deviation in magnitude. FJp'S- First, thed-wave symmetry needs to be considered. Ka-

optimal doping(circles, 7,, increases from-1.5 ps at 4 K to anov et al. havg llnterpreted all-optical pump-probe mea-
) . . .. .. surements as arising from the anharmonic decay of phonons
~3.5 ps neail.. Thus it appears that the increase in lifetime

. . ; with energies greater tham2® Quasiparticles continue to be
follows the clgsmg gf th_e superco/nAductmgr]] gA%T). This generated from superconducting pairs as long as phonon
tgmperature 'epen engee., 7,1 .(T)] as been pré-  ,odes with energy>2A are populatedand thus available
dicted theoretically and observed in aluminum where th

X . &or superconducting pair annihilationJsing Eq.(25) from
timescales are much long&r?* In contrast to the optimally :
Kabanovet al. and data for theA;q apical oxygen phonon

doped films, the lifetime for the=0.5 film (triangles is  ode in YBCO, we estimate,= 1.6 ps at 60 K which is in
approximately 3.5 ps and is independent of temperature—gas0nable agreement with the measured value b6 ps

.e., 7, does not follow 1A(T). The dynamics in this case for the YBCGO,, film. Furthermore, Kabanoet al. predict
appear to be influenced by the pseudogap which is thought tp «1/A meaning that, upon approachiflg, r, should in-

be a gap that arises in the density of states due to quasipafrease as they have observed in all-optical measurements and
ticle pairing without the requisite long-range phase coheras we have observed in our TRTS experiments. However, the
ence necessary for superconductivity. The conductivity dytemperature dependence they present assumssvaue de-
namics cannot be measured up tgTk (the pseudogap pendence for the order parameter. This is clearly at odds with
energy because the induced changesosirare too small to  the establishedi-wave symmetry of the order parameter in
measure at temperatures significantly abdye However, the cuprates. The nodes in thewave gap alond,=k, in

we have observed a resolution limited response afigMer  the Brillouin zone could strongly modify the phonon bottle-
the optimally doped films that is probably due to electron-neck as posited in models which treat a fully gapped super-

phonon equilibration. conductor. Alternatively, and supported by the experiments
These experiments, due to signal-to-noise considerationg date, if the quasiparticle relaxation occurs away fiom
have been performed at a relatively high fluert66—-100 =k, a situation similar to a fully gapped superconductor is

wdlcnt). That is, the superconductivity is strongly perturbed possible.

in that the conditiom /o<1 is not satisfied. For example, Secondly, the role of pseudogap correlations in determin-
in Fig. 2(c) o, decreases by-30%. For the YBCQ, film ing the complex conductivity requires further investigation.

at 4 K, the film is almost driven normal upon optical excita- The two-fluid model described above is incapable of explain-
tion [Fig. 2(e)]. Thereforef , increases significantly from0  ing the effect of pseudogap correlations in determining
with a correspondingly large decreasefin In addition to  o(w). It is possible that the observed temperature depen-
these changes in carrier fractions, the superconducting ordelence of the dynamics for the underdoped film results from
parameter is strongly modified since it is temperature depersitting at the low-energy edge of the pseudogap similar to
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= T I I T Above T, the lifetime drops to a few hundred fs—this is
16 ] just a measure of the electron phonon relaxation finmser-
1.4 — YBa,Cu3z0q ¢ 1 estingly, for the all-optical experiments, we do not observe
—~ 12} - YBa,Cus;O04 s 4 an increase in the lifetime upon approachiigfrom below
& ok ) yet the increase is clearly observable in our TRTS measure-
o ments[Fig. 3]. For the underdoped filrtFig. 4, dashed line
0.8 1 the measured lifetime decreases slightly from 300 fs at 10 K
e o6l _ to about 150 fs at room temperature. This lifetime is an order
osk ] of magnitude faster than for our TRTS measurements and
B shows no marked change at any temperature from 10—300 K.
0.2~ | : . This leads us to conclude that it is not clear that all-optical

measurements at 1.5 eV on underdoped films probe the dy-

namics of the pseudogap. It is possible that short-range in-

coherent pairing fluctuations are being probed. Or, the ob-
FIG. 4. Measured lifetimes as a function of temperature usingserved lifetime may just be a measure of the electron-phonon

all optical pump-probe spectroscopy. The solid line is for YBGO relaxation. This is supported by the similarity of the lifetimes

and the dotted line is for YBC£. for the underdoped and optimally doped films abdyeas

own in Fig. 4.

In summary, we have measured the ultrafast conductivity

50 100 150 200 250
Temperature (K)

what has been observed at higher probe energies by Kainap

et alX In order to further clarify the nonequilibrium dynam- dynamics in optimally doped and underdoped YBCO thin
ics in the cuprates, expe_rim_ents need to be perfor_med on Mems. Our results are consistent with the dynamics being
same films, at fixed excitation fluence and at various prob&.q ,enced by the superconducting gap, and in the case of the
wavelengths from~1 meV to 1 eV. , underdoped films, the pseudogap as well. Further develop-
Along these lines, we have performed all-optical PUMPyent in the theory of nonequilibrium superconductivity in

probe experiments at 1.5 eV on our YB&gANd YBCQs  the cuprates is required in order to more fully understand our
thin films. Our results are in agreement with other a"'OPt'Calexperimental results.

pump-probe measuremefits® The measured lifetimes as
determined from the induced change in transmission at 1.5 We would like to thank B. Houlton and F. Garzon for
eV, are shown as a function of temperature in Fig. 4. Thepreparing the YBCO films used in these experiments. This
solid line is for YBCG g and the dotted line is for YBCEY,. research was supported through the Los Alamos Directed
For the optimally doped film the lifetime beloW, is about Research and Development Program by the U.S. Department
1.7 ps in good agreement with our TRTS measurementof Energy.
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