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Observation of the Josephson Plasma Resonance
in T12Ba2CaCu@8using THz Spectroscopy

V. K. Thorsrnalle, R. D. Averitt, M. P. Maley, L. N. Bulaevskii and
A. J. Taylor
Los Alamos National Lab, Ids Alamos, NM 87545
E-mail vthorsmolle@lad.gov, ttaylor@lanl.gov

Abstract. Employing terahertz time-domain spectroscopy in transmission, we have
unambiguously observed the Josephson Plasma Resonance in Tl~~CaCu,08 high-TCthin
films in zero magnetic field as a function of temperature.

1. Introduction

The c-axis Josephson Plasma Resonance (JPR) in highly anisotropic layered
cuprate superconductors originates from the interlayer tunneling of Cooper pairs.
These Josephson-coupled systems have received much interest in recent years due
to their electrodynamics properties. The JPR, related to the c-axis penetration

length, cow = c I & ( .& )“2, is a fundamental probe of the superconducting state

and an excellent tool to study these highly auisotropic systems. For T << T., the
spectral shift of the JPR with temperature is related to the symmetry of the order
parameter. For T close to TC, the appearance of the JPR probes the onset of
interlayer phase coherence. Furthermore, the JPR spectral width is a measure of
the quasiparticle scattering rate. In addition, the JPR probes the tunneling
mechanism and provides information about the validity of the interlayer-tunneling
model [1]. In a magnetic field, the JPR probes the correlation of pancake vortices
along the c-axis and is a tool to study the B-T phase diagram [2,3]. The advantage
of using terahertz time-domain spectroscopy (TTDS) to map out the phase
diagram is that this technique allows measurements to be made over a broad
frequency range with fixed magnetic fields and temperatures. Importantly, the JPR
and the quasiparticle scattering rates of high-TC superconductors with extreme
anisotropy such as the BSCCO, thallium, or mercury based compounds lie in the
THz frequency range.

We have measured the JPR in TIZBa&a@Og (T1-2212) thin ilms in zero applied
field as a fimction of temperature employing terahertz spectroscopy in
transmission. The JPR frequency peak is 692 GHz at 10 K decreasing to 386 GHz
at 90K (TC= 98.8 K). We also observe an increase in the JPR spectral width with
increasing temperature, indicative of an increase in the quasiparticle scattering
rate.
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2. Results and Discussion

The experiments were carried out in transmission using TTDS. The experimental

~j~~l

setup is shown and explained in [4]. The T1-2212 film (-700 urn thick) was grown
on an MgO substrate using a two-step process. First an amorphous TBCCO film
was deposited by laser ablation, Next it was annealed at high temperature in
oxygen to form the2212 phase. The measured T. for this fiim was 98.8 K.

In order to excite the c-axis JPR, a component of the terahertz field has to be along
the c-axis of the sample. The a-b plane plasma frequency is on the order of 1.5 eV,
while the JPR along the c-axis lies in the terahertz range. Therefore, tilting the
sample at an angle El will transmit the incident p-polarized electric field
component parallel to the c-axis at frequencies above the plasma edge while
reflecting the component that is parallel to the a-b plane. A more detailed analysis
shows that for frequencies @ << o.)~, and taking into account that the system
consists of discrete layers, the electromagnetic waves can only propagate along the
c-axis in a narrow frequency window above the plasma edge.
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Fig 1.(a)-(d)) Transmission of incident THz pulse through T1-2212thin film. (a) The THz
pulse transmitted through the film above the onset of superconductivity. (b) Just
below TC,there is a slight oscillation after the main pulse due to excitation of the c-axis JPR
– the oscillation is highly damped. (c) At 80K, the JPR oscillation is more pronounced
since the quasiparticle density is reduced resulting in a decrease in the scattering. (d) At
10K, the JPR oscillations persist at least to 15 ps – note also the increased oscillation
frequency in comparison to (c).

Figure 1(a)-(d) shows the transmission of a THz pulse through a T1-2212 thin film
as a function of temperature. Fig. 1(a) shows the THz pulse transmitted through
the film above the onset of superconductivity. At 90K (Fig. l(b)), the onset of c-
taxis coherent Josephson tunneling is just perceptible as a slight oscillation after the
main THz pulse. The JPR is highly damped due to quasipmticle scattering. At lower
temperatures (Fig. 1(c)-(d)), the JPR is more pronounced due to a reduction in



scattering. The time domain data rdso indicates that the JPR shifts to higher
frequencies as the temperature is lowered as indicated by the increase in oscillation
frequency.
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Flg 2. (a) The JPR as a function of frequency at various temperatures. With increasing
temperature, the peak shifts to lower frequencies and broadens. (b) The JPR peak maximum
as a function of temperature.

Figure 2 shows the amplitude ratio of the Fast Fourier Transform (FIT) of the
time-domain data in Fig. 1 divided by a reference scan on bare MgO. Fig. 2(a)
clearly shows that the JPR shifts to higher frequencies and narrows as the
temperature is decreased. The JPR frequency shift vs. temperature in Fig. 2(b)
agrees well with previous reflectivity measurements on T1-2212 [1] and we have
been able to extend the measurements to temperatures approaching T.. Future
experiments aim to utilize this new capability of measuring the JPR in transmission
to probe the B-T vortex phase diagram of anisotropic high-Tc superconductors.
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