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Pis’ma Zh. Éksp. Teor. Fiz. 68, No. 5, 406–409 ~10 September 1998!
Direct measurements of the complex conductivity spectra of thin-film
La22x Srx CuO4 are made at frequencies of 5 – 40 cm21 . Narrow, intense Drude-type excitation is observed in the superconducting phase.
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Measurements of the complex dynamic conductivity s 5 s 1 1i s 2 of hightemperature superconductors ~HTSCs! yield important information about the nature of
pairing, the quasiparticle density of states, and the charge-carrier scattering
mechanisms.1,2 In pure samples of the cuprate YBa2 Cu3 O72 d , which is the best-studied
cuprate to date, the linear temperature dependence1,3 of the penetration depth in the limit
T→0 and the intense absorption band in the millimeter ~MM! and submillimeter
~SBMM! conductivity spectra s 1 at temperatures T,T c , 4,5 which leads to a peak in the
temperature dependence s 1 (T), 4,6,7 are currently viewed as evidence of d-type pairing or,
at least, the presence of zeros of the order parameter on the Fermi surface.8–10 In this
connection, the problem of expanding the experimental data for other HTSCs is topical.
In the present work, we performed measurements of the complex conductivity spectra of
another superconducting cuprate La22x Srx CuO4 in the millimeter and submillimeter
ranges (5 – 40 cm21 ).
We investigated a high-quality La1.84Sr0.16CuO4 ~LSCO! film 59 nm thick, deposited
by molecular epitaxy on a plane-parallel, isotropic SrLaAlO4 substrate approximately 1
mm thick. The c axis of the film was oriented perpendicular to the plane of the substrate.
The method of synthesis and the structure and electrophysical properties of the film are
described in Ref. 11. The superconducting transition temperature T c 538.5 K, with a
transition width of 1.5 K, which is comparable to the parameters of the best bulk samples.
The energy transmittance spectra Tr( n ) and the phase spectra w ( n ) of a wave
transmitted through a film–substrate sandwich were measured on a laboratory BWT
spectrometer ~which utilizes a backward wave tube as the radiation source!.12 The optical
constants of the film were calculated directly from these spectra ~without using the
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FIG. 1. Spectra of the real ~a! and imaginary ~b! parts of the conductivity of LSCO in the normal and
superconducting phases. Solid lines — least-squares result for the model ~1! described in the text.

Kramers–Kronig relations! using general formulas for the complex transmittance of a
bilayer system.13 The optical parameters of the substrate were measured in advance. A
detailed description of this method for measuring the MM–SBMM spectra of superconducting films on dielectric substrates is given in Ref. 14.
Figure 1 displays the wide-range (5 – 400 cm21 ) spectra of the real s 1 ( n ) and
imaginary s 2 ( n ) parts of the complex conductivity of LSCO. To complete the picture,
the original MM–SBMM data (5 – 40 cm21 ) are supplemented by higher frequency IR
spectra (50– 400 cm21 ), obtained from measurements of the reflectance of a LSCO
single crystal.15 The well-known decrease2,16 in the real part of the conductivity with
decreasing temperature in the superconducting ~SC! phase is observed above 30 cm21 .
The main result of the present work is the observation of an intense absorption band
in the s 1 spectra in the superconducting phase of LSCO in the MM–SBMM region and
is demonstrated in Fig. 1a. As the temperature decreases from 50 to 5 K the MM–SBMM
conductivity increases severalfold; the dispersion-free behavior of s 1 in the normal phase
is replaced at temperatures T,T c by Drude-type dispersion in the spectra17 — s 1 decreases as the frequency increases. This absorption band becomes narrower and more
intense as the temperature decreases. The temperature evolution of the band leads to the
appearance of a wide maximum in the dependence s 1 (T) below T c ~Fig. 2!.
We note that the MM–SBMM absorption band observed in the superconducting
phase of LSCO ~like the analogous band in YBCO at these frequencies4! agrees qualitatively with models in which the energy gap has zeroes on the Fermi surface; these give
rise to a narrow absorption peak at low frequencies.9,10
To obtain quantitative estimates of the parameters of the observed absorption band,
the experimental spectra were analyzed using a phenomenological model for the complex
conductivity.6 To describe the MM–SBMM section of the spectrum we used the Drude
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FIG. 2. Temperature dependence of the real part of the conductivity of LSCO for three fixed frequencies.

model and the d function at zero frequency in the spectrum of s 1 ( n ), which is responsible for dc superconductivity ~with allowance for its contribution to s 2 ( n )}1/n ), and
the absorption band in the IR region was modeled by a Lorentzian whose parameters
were found to be practically temperature-independent:

s * ~ v ! 5 s 1 ~ v ! 1i s 2 ~ v ! 5
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Here n s and n n are the densities of the paired and unpaired carriers, respectively, and g
is the relaxation rate of the unpaired carriers. The spectra were analyzed by the leastsquares method under the condition that the following sum rule is satisfied: n s 1n n
5n 0 5const(T). 18
The presence of substantial dispersion in the MM–SBMM spectra of s 1 and s 2 in
the superconducting phase made it possible to determine positively the temperature dependence of the relaxation rate g ~Fig. 3! and to estimate the plasma frequencies of the
paired, ( v spl ) 2 54 p n s e 2 /m, and unpaired, ( v npl ) 2 54 p n n e 2 /m, electrons. At T55 K one
has v spl /2p 539006800 cm21 and v npl /2p 5780061500 cm21 . Hence we find for the
‘‘total’’ plasma frequency v 0pl /2p 5 A( v spl ) 2 1( v npl ) 2 /2p 5870061700 cm21 , which
agrees with the estimate16 obtained from IR measurements on LSCO: v 0pl /2p
56300 cm21 . For the individual densities of the paired (x s 5n s /n 0 ) and unpaired (x n
5n n /n 0 ) electrons we obtain x s 5( v spl / v 0pl ) 2 '20% and x n 5( v npl / v 0pl ) 2 '80%, i.e.,
even at the lowest temperatures most of the electrons in LSCO remain unpaired. For the
London penetration depth we have l L 5c/ v spl 50.4 m m, which agrees well with the data
from kinetic (0.4 m m), 19 microwave (0.4 m m), 20 IR (0.43 m m), 15 and m SR (0.3 m m) 21
measurements.
In summary, we measured the complex conductivity spectra of La22x Srx CuO4 in the
millimeter and submillimeter regions of the spectrum (5 – 40 cm21 ). Strong anomalous
absorption in the superconducting phase was observed in the spectra of the real part of
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FIG. 3. Temperature dependence of the relaxation rate g obtained by analyzing the spectra of s 1 and s 2 . The
large decrease in g in the superconducting phase is responsible for the wide maximum in the temperature
dependence of s 1 ~Fig. 2!.

the conductivity at these frequencies. From the experimental data obtained we determined
the plasma frequency of La22x Srx CuO4 and the temperature dependence of the relaxation
rate of the unpaired carriers that give rise to the observed absorption.
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