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Since the discovery of the high-temperature
superconductivity (HTSC) [1] the most intensively
discussed question is concerned with the physical
mechanism lying behind this phenomenon. The in-
vestigations of the dynamical conductivity of super-
conductors below the gap frequency may help to
solve this problem because they supply informa-
tions about low-lying excitations in the supercon-
ducting state. The existence of the coherence peak
in the temperature dependence of the real part of
the low-frequency conductivity was one of the im-
portant predictions of the BCS theory of supercon-
ductivity [2]. This peak is a well-established feature
of the conventional superconductors, such as Nb
or Pb [3,4]. The similar coherence peak-like
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behaviour is observed in the temperature depend-
ence of the conductivity of high-temperature super-
conductors at frequencies to 1 THz [5-16]; for
a review see Ref. [17]. The peculiar feature of
the dynamical conductivity of HTSC, observed
at low frequencies, is the two-peak structure
[8-10, 16, 18]. The temperature dependencies of ¢’
reveals a narrow peak at T = T¢ and a broad
maximum at lower temperatures. By now it is well
established that two main effects are responsible for
the existence of the narrow peak that is normally
observed for a frequencies below 100 GHz: the fluc-
tuation effects and the possible distribution of the
superconducting transition temperatures in the
sample [18]. Concerning the broad maximum at
low temperatures, it is still a matter for discussion
whether this effect corresponds to the BCS coher-
ence peak and can be explained within the modified
version of the theory [14], or using the d-wave
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symmetry of the pairing state [19]. The d-wave
models predict the existence of the maximum in the
temperature dependence of conductivity for some
concrete set of parameters, but, in addition, the
d-wave symmetry results in a few principal differ-
ences compared to the conventional s-wave theory:
at first, the real part of the low-temperature con-
ductivity saturates at low temperatures at a value
oy = (ne?/m)(h/nA) [20] which is independent of the
scattering mechanism and approximately a factor
of £/ ~ 0.1 smaller than the conductivity in the
normal state; and secondly, the penetration depth
AT), or, equally, the imaginary part of low-fre-
quency conductivity ¢"(T) should reveal a power-
law dependence at low temperatures: A(T)—
AM0) ~ T* with an exponent 1Z%Z2 depending
upon the parameters of the theory [19].

In this paper, we present the results of our sub-
millimeter measurements of a thin YBa,Cu;0- _;
film on the MgO substrate. The experiments have
been carried out in the frequency range 80 GHz < v
< 960 GHz and at temperatures 3 K < T < 300 K.

The c-axis oriented twinned YBa,Cu;O,_; film
with 85 nm thickness was prepared using pulse-
laser deposition technique as described elsewhere
[21]. The film was characterised employing an in-
ductive 3w-method [22] and shows the transition
temperature Te = 859 K and a critical current
density jc = 5.6 x 10° A/cm? (77 K). The four-point
DC resistivity shows a linear temperature depen-
dence in the normal state with p(300 K)/p(100 K) =
2.8 and p(100 K) = 79 pQ cm, which is quite typical
compared to the literature data [23]. The resistive
transition width (10-90% resistance) was 1.2 K.
The slightly lower value of the transition temper-
ature and approximately 1.5 times larger penetra-
tion depth (4 = 230 nm, see below) are possibly due
to some oxygen deficiency of the film.

In the frequency range from 80 to 960 GHz
transmission measurements were performed using
a coherent source spectrometer [24] utilising a set
of backward wave oscillators as monochromatic
but continuously tuneable sources. The interfero-
meter is set up in a Mach-Zehnder arrangement
which allows for measuring both the amplitude and
the phase of the transmitted signal. Compared to
the microwave cavity technique this method pro-
vides the measurement of absolute values of the

film properties and the results are obtained con-
tinuously in a certain frequency range. The optical
parameters if the MgO substrate are determined by
repeating the experiments on a blank substrate.
Using the Fresnel's formulae for the two-layer sys-
tem [25], the conductivity and the dielectric con-
stant of the film are evaluated by simuitaneously
analysing the observed transmission amplitude and
phase shift without assuming any particular model.

Fig. 1 shows the measured transmission and the
phase shift of the film—substrate system at room
temperature. The oscillations seen in the spectra
arise due to the interference of the radiation, re-
flected from the opposite surfaces of the substr-
ate. The substrate—film system thus resembles the
asymmetrical Fabry—Perot resonator. The solid
lines in Fig. 1 present the results of the fit assum-
ing frequency-independent  conductivity  of
YBa,Cu;0, _; film.

The frequency dependence of the complex con-
ductivity of YBa,Cu;O-_; film is presented in
Fig. 2. Far above the superconducting transition
temperature, the real part of the conductivity
(lower frame) is frequency independent and in-
creases with the decreasing temperature. At tem-
peratures near the superconducting transition
(curve T =90 K in the lower frame of Fig. 2) one
observes a weak frequency dependence of a'(v).
Below superconducting transition the frequency
dispersion of the conductivity is stronger and in-
creases with decreasing temperature. We were not
able to investigate this frequency dependence in
detail because of the relatively high imaginary part
of the conductivity ¢”(v) below 50 K (a'/6” ~ 0.2),
which masks the influence of the real part of the
conductivity in the transmission spectra. This ex-
plains the high error bars in the 6 K curve. The
points at this temperature are the averaged values
in the frequency range of one BWO-source.

The imaginary part of the conductivity ¢”(v),
shown in the upper part of Fig. 2, equals zero
within the experimental accuracy in the metallic
state. Below the transition temperature ¢” increases
sharply and shows a distinct frequency dependence.
The simple relation ¢”(v) ~ v~ ! is expected with-
in the standard BCS theory. The solid lines in
Fig. 2 indicate this power-law behaviour with an
exponent s =1, and the discrepancies with the
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Fig. 1. Transmission and phase shift (¢/v) of a YBa,Cu;05_; thin film on a MgO substrate at room temperature. Different symbols
correspond to the measurements with different BWO-sources. The fits are calculated assuming the frequency-independent film

conductivity.

experimental data are evident. Better fits could be
obtained with an exponent s = 0.65 + 0.1. Quali-
tatively, the discrepancies imply, that the effective
density of the superconducting carriers decreases
with increasing frequencies because ¢” ~ ny/v and
the superconducting gap partially opens even in
our frequency region (hw/4(0) ~0.1). Recently,
Jiang et al. [26] have calculated the imaginary part
of the complex conductivity of a d-wave supercon-
ductors. They have shown, that at small frequencies
relative to the gap frequency, one expects an addi-

tional contribution to the conductivity. As a first
approximation this term can be taken as a constant
at low frequencies and becomes significant at fre-
quencies above some hundred GHz [26] and may
explain the observed deviations.

Fig. 3 shows the temperature dependence of the
complex conductivity at 600 GHz. Also shown are
the surface impedance, calculated according to the
expression R —iX = (uow/ic*)'’* and the penetra-
tion depth, defined as 4 = Re[uowa*/i)~'*]. As
mentioned above, in the metallic state ¢’ increases
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Fig. 2. Frequency dependence of the complex conductivity of
YBa,Cu;05_; thin film at different temperatures. Upper frame:
Imaginary part of the conductivity. The lines indicate " ~ v~ !
as expected from BCS theory. Lower frame: Real part of the
conductivity. For the experimental data at 6 K the line is a guide
to the eye.

with decreasing temperature corresponding with
the linear temperature dependence of the resistivity.
In the superconducting state the real part of con-
ductivity shows a maximum near 50 K and then
slowly decreases. This maximum is qualitatively
similar to the BCS coherence peak. The important
difference is that the decreases of ¢’ is not an ex-
ponential function at low temperatures as in BCS
theory and, in addition, we observe the nonzero
values of ¢’ even at lowest accessible temperatures
of about 3 K. The real part of conductivity seems to
saturate at a value of (3.5 +1)x10°Q 'cm™.
This value is in good agreement with the theoret-
ically expected limiting value oy [20]. The evalu-
ation of ¢, can be done within the local clean
approximation, because in that case the London
penetration depth A(0)”? = pgne’/m. Using the
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Fig. 3. Temperature dependence of the submillimeter-wave
properties of YBa,Cu,;0, _; film at 600 GHz. Lines are guide to
the eye. Upper frame: surface impedance. Lower frame: complex
conductivity. Middle frame: penetration depth, as defined in the
text. The insert demonstrates the linear low-temperature behav-
iour of the penetration depth.

experimentally obtained A(0) =230 nm, and the
estimation 4(0) ~ 2kT¢ for our film, we obtain
0, ~2x10° Q" 'em ™!, which is in good agree-
ment with the experimental value. The similar limit
of the low-temperature values of ¢’ has been ob-
tained for a YBa,Cu;0,_; single crystal at fre-
quency of 34.8 GHz by Zhang et al. [11].

An estimate of the effective scattering rate in the
metallic state can be obtained within the Drude
model: using ¢ = ne*t/m = t/uoA0)* in the low-
frequency limit, we get ™! = 12 THz at T = 90 K.
This value is in agreement with the data known
from the literature [10, 12].

The temperature dependence of the submil-
limeter-wave penetration depth is shown in the
middle frame of Fig. 3. The limiting low-temper-
ature value of the penetration depth is 4 = 230 nm.



The insert demonstrates, that at lowest temper-
atures A(T) is approximately linear (x = 1) in con-
trast with the exponential behaviour, expected in
BCS theory. This observation is quite common in
the high-temperature superconductors [10, 11, 16],
although other temperature dependencies have also
been reported [9, 27].

In conclusion, we have measured the complex
conductivity of YBa,Cu;0,_; thin film on MgO
substrate at frequencies 80-960 GHz and at tem-
peratures 3—-300 K. The parameters of the film have
been calculated from the measured complex trans-
mission coefficient using the exact optical formulae
for the two-layer system. At low temperatures we
observe the saturation of the real part of conductiv-
ity, in agreement with the predictions for d-wave
superconductors. The frequency dependence of the
imaginary component shows deviations from the
behaviour, expected from the BCS theory. These
deviations can be qualitatively accounted for as-
suming the d-wave superconductivity.

We would like to thank M. Dressel for helpful
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Deutsche Forschungsgemeinschaft through the
German—Russian scientific co-operation program.
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