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We report on terahertz 共THz兲 surface impedance measurement of an epitaxial MgB2 thin film using
time domain THz spectroscopy. We show that the surface resistance of the MgB2 film is much lower
than that of YBa2Cu3O7−␦ and copper in the THz range. A linear dependence of the surface
reactance on frequency is observed, yielding a penetration depth of about 100 nm at low
temperatures. The measurements agree qualitatively with calculations based on impurity scattering
in the Born limit. Our results clearly indicate that MgB2 thin films have a great potential for THz
electronic applications. © 2005 American Institute of Physics. 关DOI: 10.1063/1.2034107兴
Terahertz 共THz兲 and infrared spectroscopic measurements on superconductors play an important role in understanding their superconducting properties.1–3 These measurements probe the frequency dependence of the complex
conductivity over a wide frequency range below and above
the energy gap, which yields important information on the
properties of low-energy excitations, scattering rate and coherence effect. In addition, these measurements are also essential for THz superconducting electronic devices.4 It is
well known that superconducting electronic devices have
demonstrated specific advantages at sub-mm and THz frequencies. Especially, for frequencies beyond 1 THz, superconducting hot electron bolometers 共HEBs兲 appear to be the
only option for low noise heterodyne mixing elements. The
design, simulation, and improvement of THz superconducting electronic devices rely on the understanding of the superconducting film properties at THz frequencies.
The discovery of superconductivity in MgB2 has attracted much research effort because MgB2 may be the clearest example of two-gap superconductivity with a high critical
temperature 共Tc兲 of 39 K and a simple binary chemical
composition.5,6 THz and infrared spectroscopic measurements were carried out soon after its discovery.7–9 The results
clearly showed the existence of a small energy gap caused by
the -bands. In this Letter we present our investigations on
an epitaxial thin film using time-domain THz spectroscopy
共TDTS兲. The THz and infrared spectroscopies are commonly
performed in transmission or reflective modes. The transmission measurements applied to superconductors usually offer
higher accuracy than the reflection measurement because the
sample reflectance is close to unity for energies below the

gap. In the transmission measurement, a very thin film with
high quality is needed to achieve higher transmitted power
for improving signal-to-noise ratio, and to avoid extrinsic
effects, such as the increased carrier scattering due to a high
density of defects. In this work, the MgB2 thin film was
deposited by a hybrid physical-chemical vapor deposition
technique 共HPCVD兲, which produces epitaxial thin films
with small thickness and high Tc.10 Theoretical calculations
of the complex conductivity  based on impurity scattering
in the Born limit within a two band superconductor are presented. The surface impedance Zs = Rs + jXs is derived by taking Zs = 共j / 兲1/2, and then compared with our experimental results. Here, Rs, Xs, , and  are surface resistance,
surface reactance, angular frequency, and free-space permeability, respectively.
The details of HPCVD deposition of epitaxial MgB2 thin
films can be found in Ref. 10. The film used in this work was
deposited on sapphire substrate and has a nominal thickness
of 100 nm with a Tc of 39.1 K and a sharp transition width
of less than 0.3 K. High-resolution transmission electron microscopy showed that for the HPCVD MgB2 films on sapphire substrate, there is a 30– 40 nm thick interface layer
between the Al2O3 substrate and the MgB2 film where MgO
regions exist.10 For the analysis of the surface impedance of
this particular film we therefore assumed that the actual
thickness of the superconducting layer to be 62 nm: For this
value the best agreement between the dc resistivity determined from microwave and dc measurements was achieved.
Our TDTS measurement utilizes ultrashort broadband
THz pulses generated and detected, respectively, by optical
rectification and electro-optic sampling in 1 mm thick 关110兴-
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TABLE I. Residual surface resistance Rres of YBCO 共Refs. 13 and 14兲,
surface resistances Rs of MgB2 at 8 K and 15 K at 0.45 THz, 1 THz, and
2 THz.
f 共THz兲
Rres 共⍀兲 共YBCO兲
Rs 共⍀兲 共MgB2 at 8 K兲
Rs 共⍀兲 共MgB2 at 15 K兲

FIG. 1. The frequency dependence of surface resistance Rs at 8 K 共squares兲,
15 K 共circles兲, 25 K 共upper triangles兲, 35 K 共down triangles兲, and 45 K
共diamonds兲. The lines represent the calculations at the same set of temperatures, which are based on the model described in the text.

oriented ZnTe single crystals. This arrangement enables us to
measure the amplitude as well as the phase shift of the transmitted THz wave. The complex conductivity of the MgB2
thin film can be calculated without any model assumption
and without a Kramers–Kronig transformation. The details
are described in Refs. 11–14. In our measurements, the typical value of the THz power transmission coefficient at low
temperatures 共T ⬍ 40 K兲 is about 10−4. Note also that the
THz conductivity of our sample is by more than one order of
magnitude higher than that reported in Ref. 7.
Figures 1 and 2 show the frequency dependence of surface resistance Rs and surface reactance Xs respectively at
8 K, 15 K, 25 K, 35 K, and 45 K. The lines represent the
theoretical calculations, which will be discussed later. The
frequency dependence of Rs, as shown in Fig. 1, display a
two-stage behavior. At low frequencies it increases slowly
with frequency, and then with a steeper slope at high frequencies. This two-stage behavior is more pronounced when
the temperature is decreased. This agrees qualitatively with
the theoretical prediction that there is a jump in Rs when the
probing frequency 共the photon energy兲 equals two times the
共small兲 energy gap value 关about 2 meV at 0 K 共Ref. 6兲兴. The
magnitude of the jump becomes larger when the temperature
decreases.1 For Xs, a linear dependence could be observed in
Fig. 2 for all temperatures. The plots are shifted vertically by
0.2 ⍀ relative to each other for clarity. Since the surface
reactance is given by Xs = , the linear dependence indicates a frequency independence of the penetration depth 
over the whole frequency range. We find that  at 8 K is
104 nm.
With regards to applications in THz electronics, we compare the Rs values of MgB2 thin film with YBa2Cu3O7−␦
共YBCO兲 and copper. YBCO is a potential candidate for THz
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application because of its high Tc and large energy gap
value.15 Copper has low surface resistances at low temperatures and THz frequencies.4 Table I lists the Rs of MgB2 and
the residual surface resistance Rres关Rs共T → 0兲兴 of YBCO at
8 K and 15 K, at a frequency of 0.45 THz, 1 THz, and
2 THz. The Rres value for YBCO is obtained from Refs. 13
and 14, in which an 80 nm thick c-axis oriented epitaxial
YBCO film was measured by the same technique. The Rs
values of MgB2 at 0.45 THz are almost one order of magnitude lower than the Rres of YBCO, and one third of that of
YBCO at 2 THz and low temperature 共up to 15 K兲. Figure 3
shows the temperature dependence of Rs at frequencies of
0.45 THz, 1.05 THz, 1.56 THz, and 2.00 THz. The solid
lines show the temperature dependence of the surface resistance of copper16 for comparison. From this figure it is found
that Rs for MgB2 is lower than that of copper below Tc at
submillimeter wave and THz frequencies. Such comparisons
clearly demonstrate that MgB2 has advantages over normal
metal material and YBCO for THz applications.
In order to compare our measurements with theoretical
expectations we use the following model to calculate the
complex conductivity: in a two band superconductor like
MgB2 the total conductivity in principle consists of two contributions, one from each band. However, as we have argued
earlier,17 in our films the total conductivity is dominated by
the -band contribution and the contribution from the
-band can be neglected. We calculate the -band conductivity 共兲 from impurity scattering in the Born limit using
Eq. 共13兲 in the work of Hensen et al.,18
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FIG. 2. Frequency dependence of the surface reactance Xs at 8 K 共squares兲,
15 K 共circles兲, 25 K 共upper triangles兲, 35 K 共down triangles兲, and 45 K
FIG. 3. The temperature dependence of Rs of the MgB2 thin film at
共diamonds兲. The lines represent the calculations at the same set of tempera0.45 THz, 1.05 THz, 1.56 THz, and 2.00 THz. Rs values of copper at
tures, which are based on the model described in the text. Note that the
0.5 THz, 1 THz, and 2 THz are also shown as the solid lines for
comparison.
symbols and lines are vertically shifted by 0.2 ⍀ relative to each other.
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FIG. 4. Frequency dependence of the real part 1 共squares兲 and imaginary
part 2 共circles兲 of the complex conductivity at 45 K. The lines show the fit
based on the Drude model with the parameters as described in the text. The
arrows point to the axis to which the plots correspond.
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Here, ␥ and ⌬ are the impurity scattering rate and the gap in
the -band, respectively.18 Equation 共2兲 is equivalent to Eq.
共5.9兲 in the work by Nam19 and reduces to the Drude model
in the normal state. In our calculations we use the values of
␥ and dc from the fit to the normal state data. Figure 4
shows the measured complex conductivity spectra in the normal state 共45 K兲. In the normal state the electrodynamics
properties of the MgB2 thin film can be consistently interpreted in terms of a metallic conductivity. Hence, this frequency behavior should be in accordance with the Drude
model, i.e., 共45K兲 = dc / 共1 − i f / ␥兲. Fitting to the experimental data, we obtain dc = 1.84⫻ 105 ⍀−1 cm−1 and ␥
= 2.97 THz. The solid lines represent the fitting result. Compared with other far-infrared and optical measurements on
MgB2 thin films,9 the scattering rate in our film is small. This
small scattering rate can be attributed to the high-quality of
our thin film. For the temperature dependence of the -band
gap ⌬ we take the temperature dependence from a solution
of the two-gap model reported earlier.17 The complex conductivity was then calculated from Eqs. 共1兲 and 共2兲, and Zs
was derived from it. The results are shown in Figs. 1 and 2
共lines兲 for the same set of temperatures as in the measurements.
A qualitative agreement could be obtained between calculation and experimental results. Rs obtained from the experiment shows a smooth change around the energy gap,
rather than a sharp jump. This is also true for the behavior of
Xs—the peak appearing in the calculation could not be observed in the measurement. We suggest that the difference is
caused by a low power transmission coefficient Tr of the
sample in the THz range and by a smeared density of states
at the energy gap. Within the framework of the thin film
approximation, we could roughly consider Tr to be proportional to 2 exp共−2t / 兲, where t is the thin film thickness
The high-quality epitaxial thin film has a low , which leads
to a low Tr, and reduces the signal-to-noise ratio. The singularity of the density of states around the energy gap is
smeared, which may be caused by strong electron-phonon
coupling effects present in MgB2 or by the boundary between the nonsuperconducting layer and MgB2 layer. This

makes it difficult to observe a well defined onset of the gap
in Fig. 1.
In conclusion, we carried out THz spectroscopic measurements on an epitaxial thin film with a Tc of 39.1 K and a
nominal thickness of 100 nm. At frequencies around
1 – 2 THz, the film has a lower Rs than both YBCO and copper. We observe a linear dependence of Xs on the frequency,
yielding a penetration depth of about 100 nm. The measurements agree qualitatively with calculations, which are based
on impurity scattering in the Born limit. The low Rs value
demonstrates the great advantage of MgB2 thin films for passive devices as compared to other superconductors and normal metals due to the higher possible operation temperatures
of 20– 40 K, which can be achieved by moderate-cost, smallsize, low-weight cryocoolers. With respect to recent successful fabrication of all-MgB2 tunnel junctions,20 it is very
promising to develop all MgB2 THz detectors in the future.
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