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Dynamic Conductivity and “Coherence Peak” in YBa,Cu30; Superconductors
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We measure directly both the real and imaginary parts of the sub-band-gap conductivity o in
YBa;Cu307 in the 15-80 cm ~' frequency range using coherent time-domain terahertz spectroscopy.
We observe a peak in the real part o) similar to the coherence peak expected in an s-wave BCS super-
conductor. The absence of such a peak in NMR relaxation-rate experiments suggests that its origin lies
in a strongly temperature-dependent inelastic-scattering rate rather than in coherence factors.

PACS numbers: 74.30.Gn, 74.70.Vy, 78.47.+p, 84.40.Cb

Measurements of the dynamic response of convention-
al superconductors have played a crucial role in under-
standing the origin of superconductivity and in establish-
ing the microscopic Bardeen-Cooper-Schrieffer! (BCS)
theory of superconductivity. For instance, far-infrared
transmission and reflectivity measurements provided the
existence proof for the superconducting energy gap in
lead? and indications for strong-coupling effects in NbN
films.> In the high-temperature superconductors, re-
flectivity measurements on YBa;Cu3O; single crystals
and films* % as well as transmission measurements on
Bi,Sr,CaCu,05 cleaved crystals’ have been performed,
but unfortunately with widely diverging results and in-
terpretations.

In this Letter, we present measurements of both the
real and imaginary parts of the conductivity o of high-
quality superconducting YBa;Cu3O7 films in the fre-
quency renge from 500 GHz to 2.5 THz (15-80 cm ™)
by coherent time-domain terahertz spectroscopy. Unlike
conventional Fourier-transform far-infrared spectrosco-
py, owing to its phase sensitivity, this technique permits
us to measure both the real and imaginary parts of the
conductivity simultaneously without referring to the
Kramers-Kronig relations. Furthermore, we can study
thin superconducting films in transmission, which offers
greatly increased accuracy compared to reflection mea-
surements, where the reflectivity is close to unity for en-
ergies below the gap.

This novel spectroscopic technique has recently been
successfully applied to the measurement of the conduc-
tivity of doped semiconductors,® the absorption coeffi-
cient and refractive index of dielectrics,’ the measure-
ment of the superconducting band gap in niobium
films,'® as well as the surface impedance of YBa,Cu30-
superconducting films. !

The setup of our coherent time-domain spectrometer is
similar to the one described earlier,'®!" but includes ad-
ditional focusing optics for small samples. It resembles a
conventional spectrometer, but here the electromagnetic
far-infrared radiation is generated and detected by
time-resolved optoelectronic techniques, which results in

the phase sensitivity of the technique. Both source and
detector consist of 50-um dipole antennas with integrat-
ed radiation-damaged silicon-on-sapphire photoconduc-
tive switches. !> The transmitter antenna, which is biased
with a dc voltage, emits a short electromagnetic burst
with a broad frequency spectrum extending from almost
dc to more than 2.5 THz when the 100-fs optical pulse
from a colliding-pulse mode-locking dye laser switches
the photoconductive dipole.'> On the receiver side, the
photoconductive switch operates in a sampling mode and
measures the transient photocurrent received by the di-
pole antenna. Thus, scanning the time delay between the
two femtosecond optical pulses yields the temporal shape
of the electromagnetic pulse propagated from trans-
mitter to receiver. The sample is placed inside a con-
tinuous-flow cryostat equipped with high-resistivity sil-
icon windows at the focal point in the center of the setup.

A 500-A-thick superconducting YBa,Cu305 film is de-
posited by multiple-electron-beam coevaporation of Y,
Cu, and BaF, onto a 0.5-mm-thick LaAlO; substrate
and postannealed in wet oxygen at 850°C.!* This film is
optically smooth and oriented with the ¢ axis of the
YBa,;Cu3;07 normal to the substrate surface. We mea-
sure a room-temperature resistivity of 160 4 Qcm that
extrapolates to zero at 0 K, and a transition temperature
of 91 K.

The frequency response of the superconducting
YBa,Cu;05 films is obtained from the time-domain data
by Fourier transformation. For thin films with thickness
d small compared to the penetration depth A of the elec-
tromagnetic fields, the boundary conditions at the inter-
face between air and the substrate of index » supporting
the thin superconducting film can be solved to yield the
transmission coefficient for perpendicular incidence:

2
E,=—"-"——E;, (1)

" l+n+Zoo, !
where E;,E, are the Fourier components of the incident
and transmitted fields, Z is the impedance of free space,
and o, is the surface conductivity in @ ~'. To eliminate

the influence of the small but not negligible substrate ab-
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FIG. 1. Imaginary part o, of the conductivity. The solid

lines at the two lowest temperatures show fits by a 1/w fre-
quency dependence.

sorption and dispersion,'* as well as the influence of the
second surface at the back of the substrate, we define a
transmission coefficient ¢'(w) referenced with respect to
the transmitted field E° through the substrate alone, i.e.,
without superconducting film:

E, 1+n
f=—t=__n 2)
EY 1+n+Zjo;

For the reference wave forms through the substrate
alone, the superconducting film is etched off after record-
ing the time-domain data at all temperatures and the
transmission is measured again without the film at each
temperature, going through the same section of the sub-
strate as before. We then obtain the complex conductivi-
ty of the superconducting film using Eq. (2).

Figures 1 and 2 show the results for the imaginary
part o; and the real part oy, respectively. o rises mono-
tonically from a small value of 200 K, until at 10 K, o3
exhibits a 1/w dependence, which is shown by the solid
lines in Fig. 1. In local electrodynamics, the imaginary
part of the conductivity is described by o, =1/wuor? at
T =0 regardless of the microscopic theory, which allows
us to determine the magnetic penetration depth from the
data at low temperature. At 10 K, we obtain A =1600
A, in excellent agreement with independent penetration-
depth measurements on YBa;Cu3O; single crystals and
films.'>'® The good fit of the 1/w curve to the data at 10
K also shows that the penetration depth is not dependent
on frequency at this temperature.

Figure 2 plots the absorptive part o) of the conductivi-
ty. The solid lines are guides to the eye and have a loga-
rithmically diverging frequency dependence. Although
this is the frequency dependence predicted by the
Mattis-Bardeen theory, the agreement is probably coin-
cidental. Starting from the normal state, o) initially
rises with decreasing temperature up to a temperature of
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FIG. 2. Real part o, of the conductivity. Solid lines are
guides to the eye.

roughly 70 K, but then becomes smaller again. To inves-
tigate the temperature dependence in more detail, we
plot o, as a function of temperature for three different
frequencies (Fig. 3). At all frequencies, o, rises above
the normal-state value and exhibits a peak at roughly 70
K. The magnitude of the peak becomes smaller at
higher frequencies, in agreement with recent measure-
ments above 200 cm ~' (6 THz), where a peak in the
conductivity was not observed.!” At low temperature, we
expect o) to vanish exponentially because of the vanish-
ing density of states. However, error bars at low temper-
ature are much higher than for temperatures above 40 K
since o, dominates the transmission coefficient there, and
we cannot confirm this behavior. Furthermore, o, at the
lowest temperatures may be limited by residual absorp-
tion processes and not by intrinsic excitation phenomena.

The behavior of o) shown in Fig. 3 is similar to that

T T T T T
m 0.5THz -
02| 4 1.0THz |
@) ® 2.0THz
<
©
=
2 01p .
)
3
°
c
)
O
0 1 1 1 1 1
10 30 50 70 90

Temperature (K)

FIG. 3. Temperature dependence of o, for frequencies of
500 GHz, 1 THz, and 2 THz. The solid lines are guides to the
eye.
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expected from absorption processes involving type-II co-
herence factors, predicted within the BCS theory for
both the conductivity and the nuclear relaxation rate
T, '.'® In YBa,;Cu3;07, however, measurements of 7| '
have not shown the Hebel-Slichter peak.'®?° The ab-
sence of the NMR coherence peak has been attributed to
strong pair breaking close to 7, which smears the singu-
lar BCS density of states.?'?? Since this argument ap-
plies to o) as well, it is likely that the peak in the con-
ductivity observed in our data has a different origin.

The proportionality of 7,~! and o, at low frequencies
0 <2A is only expected in the dirty limit, when the
quasiparticle lifetime 7 is short (<A ™') and indepen-
dent of temperature.?> This is unlikely to be the case
here because of the strong 7T-dependent inelastic scatter-
ing that dominates the transport properties above T..
Many of the unusual normal-state properties can be
traced to strong scattering from low-energy spin and
charge fluctuations, with a flat spectrum extending to en-
ergy scales ~kT.?*% In the superconducting state,
these low-energy fluctuations are expected to develop a
gap of roughly 2A, and thus the low-energy scattering of
quasiparticles will be suppressed. In consequence, the
quasiparticle lifetime = will grow rapidly. A peak in
01(T) may arise as T is lowered because of a competi-
tion between the growing lifetime and a lowering density
of states.

We have modeled this behavior by solving the Eliash-
berg equations with a spectrum of excitations of the form

a’F(w) =rtanh(w/2T)N,(0) [1+ (w/wo) 2] 7. 3)

Here A is the coupling constant, NV, is the joint density of
states for quasiparticle-hole pairs (constant in the nor-
mal state and with a gap 2A at low temperatures), and
o is a high-frequency cutoff. We have given details of
this procedure elsewhere.?’ Similar calculations have
been carried out by Nicol, Carbotte, and Timusk. 26 The
results are shown in Fig. 4, for the parameters A =0.3,
®o=1000 cm ~!, consistent with normal-state transport
data; we find 7.~100 K and 2A(0)/T.=4.2. In the
same figure, we also plot the calculated 7', which
shows no ““coherence” peak, whereas the low-frequency
conductivity is strongly enhanced. The -calculations
should be used only for qualitative comparison, as we
have made no attempt to vary parameters to improve the
agreement with the experiment. Moreover, the specific
choice of the cutoff function in Eq. (3) influences the de-
tails in the shapes of the curves (both in the position and
magnitude of the peaks).

There are other experimental consequences of this pic-
ture. The onset of continuum Drude-like absorption at
zero temperature will be near 4A in the clean limit, 2527
instead of the conventional value of 2A. This is because
the quasiparticle lifetime is infinite at low energies, and
is finite only above an energy 2A from the bottom of the
band (i.e., 3A above the chemical potential). This onset
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FIG. 4. Temperature dependence of o, within the marginal
Fermi-liquid theory for A =0.3, 2A/T.=4.2, and A=0.17wo.
The solid symbols indicate o) at various sub-band-gap frequen-
cies, the open symbols the temperature dependence of the nu-
clear relaxation rate 7'/

is expected to be visible in spectroscopic techniques, and
may already have been observed in tunneling®®?° and
photoemission.>® There may also be a peak in the elec-
tronic thermal conductivity below 7., even though this is
not expected within BCS because of the type-I coherence
factors; here it can arise from the same lifetime effects
that cause the peak in o).

We would like to mention that recent microwave ex-
periments3' have been interpreted as showing an even
sharper feature in o than we observe here (albeit at
somewhat lower frequency). These results are difficult
to reconcile with the present data.

In conclusion, we have shown that unlike the nuclear
relaxation rate T, the real part of the conductivity o,
in YBa;Cu3O; superconductors exhibits a coherence
peak in the superconducting state. However, the assign-
ment as a coherence peak is misleading, since the strong-
ly decreasing inelastic-scattering rate below T, causes
the peak in o), not interference terms in the quasiparticle
wave functions of a Cooper pair. In the framework of
the marginal Fermi-liquid phenomenology, the inelastic-
scattering rate enters o, but not the nuclear relaxation
rate T ', explaining the absence of a peak in the NMR
data. We employ the marginal Fermi-liquid phenome-
nology because it is convenient; however, we stress that
the qualitative behavior will be reproduced by any model
in which low-energy quasiparticle scattering is sup-
pressed in the superconductor. Besides the strong tem-
perature dependence of the scattering rate, mainly the
smearing of the density of states around the gap energy
A is responsible for the differences between the coherence
peak observed in conventional superconductors and the
peak in o) reported here. Finally, our results imply that
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the quasiparticle scattering rate is strongly suppressed in
the superconducting state and should lay to rest any
lingering suspicion that the anomalous behavior of high-
T. materials can be ascribed to strong electron-phonon
coupling.

@ Also at Boston University, Boston, MA 02215.
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