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Microwave Properties of MgB2 Thin Films
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Abstract—The microwave surface impedance =

+ 0 of MgB2 thin films was measured via advanced
dielectric resonator (DR) techniques. First, the temperature
dependence of the penetration depth measured with a sap-
phire puck at 17.9 GHz can be well fitted from 5 K close to

by the standard BCS integral expression assuming the re-
duced energy gap�(0) to be as low as 1.0–1.1 assuming
(0) = 100–110 nm. These results clearly indicate the s-wave

nature of the order parameter. Similar good fits were achieved by
an anisotropic one gap and an isotropic two-gap model. Second,
the temperature dependence of surface resistance , as measured
with a rutile puck, indicates an exponential behavior below about

2 with a reduced energy gap being consistent with the one
determined from the data. The value at 4.2 K was found to
be as low as 19 
 at 7.2 GHz, which is comparable with that
of a high-quality high temperature thin films of YBa 2Cu3O7. A
higher-order mode at 17.9 GHz was employed to investigate the
frequency dependence of ( ). Our results revealed an
decrease of with increasing temperature ranging from = 2
below 8 K to = 1 close to . Finally, the microwave power
handling of MgB2 films was deduced and compared with values
for YBa2Cu3O7 films. We found that the power handling of MgB2
is comparable or even better than that of YBa2Cu3O7 films for
temperature below 30 K.

Index Terms—Energy gap, microwave measurement, penetra-
tion depth, superconducting films.

I. INTRODUCTION

T HE discovery of superconductivity in magnesium diboride
has stimulated extensive theoretical and experimental

studies on this material [1]–[18]. Microwave measurements of
the surface impedance , where is the surface
resistance and the surface reactance, play an important
role in understanding the physics and in finding potential
applications of this material [15]–[18]. is proportional to
penetration depth , which is related to the superconducting
electron density and can provide information on order param-
eter symmetry [19]. Microwave measurements have proved to
be the most sensitive tool to determine the temperature depen-
dence of of both thin film and bulk single crystal samples of
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HTS [19]–[22], and are therefore most appropriate to be used
for high-precision measurements on high quality MgB
samples [15], [16].

For a superconductor is proportional to the conductivity of
thermally excited quasiparticles. The s-wave nature of the order
parameter of MgBsuggests an exponential temperature depen-
dence of in the low temperature region (below about 20 K)
[15], [17], [18], if the impurity and defect related residual sur-
face resistance is low enough. In contrast to oxide
superconductors, grain boundaries do not exhibit weak link be-
havior, i.e., one important potential source of extrinsic residual
losses is expected not to be present. However, the presence of a
small energy gap is expected to cause high intrinsic losses by
quasiparticle absorption down to relatively low temperatures.
Therefore, a careful study of the surface impedance is necessary
to judge whether this material may become a possible candidate
of replacement of Nb or Nb alloys for cavity applications.

II. SAMPLE PREPARATION AND MEASURMENTTECHNIQUES

MgB thin films were deposited by pulsed laser deposition
and post-annealing on a plane parallel oriented sapphire
substrate of 10 10 mm in size. The samples exhibit a sharp
resistive and inductive transition at transition temperatures up
to 39 K (onset temperature of resistive transition). The detailed
process is described in [23]. The film thickness was 400 nm.
X-ray diffraction analysis indicates a high degree of-axis-ori-
entation perpendicular to the substrate surface and no detectable
amount of MgO or any other crystalline impurity phases.

The microwave surface impedance was determined using a
dielectric resonator technique [24], [25]. The sample is placed
underneath a dielectric puck. The resonant mode (commonly

mode) is excited by coaxial loops as transmission res-
onator. The unloaded quality factor and resonant frequency

were recorded as a function of temperature. The temperature
dependence of the variation of the effective penetration depth

and surface resistance were determined from the
temperature dependence of the resonant frequencyand un-
loaded quality factor . The notation effective represents
an enhancement of due to the thickness being of the order of

[26].
A sapphire puck is employed to measure because of the

low temperature coefficient of its dielectric constant. The
mode of the puck at a frequency of 17.9 GHz is excited. There
are possible parasitic contributions to changeapart from the
change of penetration depth of the sample. The measurement
shows that these contributions are at least one order of magni-
tude lower than the observed frequency changes offor our
MgB samples except for temperatures close to[16]. There-
fore, these contributions are neglected in our calculations.
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Fig. 1. log �� vs.T =T representation of the penetration depth data for two
MgB samples. The solid line represents BCS fits with parameters as described
in the text.

The sapphire resonator mentioned above allows for the de-
termination of with a systematic error of 0.1 m, which is
due to neglecting the temperature dependent background losses
of the cavity and the finite microwave losses
of the Nb reference film. Indeed, MgBseems to comprise
values of the order or less than this error margin, because
(4.2 K) for a MgB was found almost to be the same as with
niobium film. In order to improve the measurement resolution a
rutile puck has been used to measure because of its higher
dielectric constant [27], [28]. In this case the field energy con-
centration inside the puck works more effectively and the max-
imum with a niobium reference sample is about a factor of
ten higher. We have employed the mode at 7.18 GHz
and the mode at 17.9 GHz to study temperature and fre-
quency dependence of .

III. PENETRATION DEPTH RESULTS

Two MgB samples (S071 601 and S103 001) were mea-
sured, and the results are depicted in Fig. 1 in a versus

representation. It should be noted that the penetration
depth studied here is in fact the penetration depth in, -plane

due to the -axis orientation of the thin films. The nearly
linear behavior in this semi-logarithmic plot clearly shows
the existence of a full gap. Therefore, the symmetry of the
order parameter is s-wave, which also has been found by other
techniques [2]–[6], [13], [14].

A straightforward idea is to use BCS theory to explain the
results. In the local limit the temperature dependence ofcan
be calculated as follows:

(1)
with representing the Fermi
function and the temperature dependence of energy
gap[19]. The quantities and are used as fit
parameters. The parameters , m
for sample S071 601 and , and m
for sample S103 001 yield a very good agreement between
experimental data over the entire temperature range. However,

Fig. 2. � (0)=� (T ) dependence for the sample S071 601(open square). The
full lines represent BCS fits using�(0)=kT as fit parameter. The predictions
by the one-gap anisotropic (dot line) and two-gap isotropic model (solid circle)
are also drawn.

the low ( 1.76, BCS weak-coupling limit) is
difficult to understand within a standard BCS type s-wave
theory. Recently, theoretical and experimental evidences have
shown that MgB should be an isotropic two-gap [2], [4]–[8]
or an anisotropic one-gap superconductor [3], [9], [10]. Thus,
the small gap in our measurement represents the smallest
component of a double or a strongly anisotropic gap. In this
case the temperature dependence ofat would be
determined by its minimum values, because probes the
thermal excitations with the lowest activation energy. Fig. 2
shows the temperature dependence of for sample
S071 601 (open square), which represents the normalized
superfluid density . As expected from Fig. 2, a very good
agreement with single gap BCS theory (solid line) is achieved.
However, the low value determined from the fit
may be regarded as a violation of BCS theory. Therefore, more
advanced modeling is required.

Both an isotropic two-gap and an anisotropic one-gap BCS
model have been used to explain our measurement. In the
case of the one-gap anisotropic model an ellipsoidal energy
gap function is assumed with a minor axis within the ab-plane
and a major axis along direction [9]. The temperature de-
pendence of the gap and the gap ratios
and are determined by a self-consistent
solution of the anisotropic weak-coupling gap-equation with
only one parameter . This model predicts
that is mainly determined by the small energy gap,
which is consistent with our measurements. The dashed line
in Fig. 2 represents the calculation with a maximum gap
ratio and a minimum gap ratio

. However, the assumed energy
gap anisotropy cannot explain upper critical field behavior, as
discussed in [29].

A two-gap isotropic model has also been used to calculate the
temperature dependence of using the Eliashberg formalism
and the results of first principles electronic structure calculation.
The results are shown in Fig. 2 (solid dot). A very good agree-
ment can be obtained if nm is assumed [11].
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Fig. 3. R (T ) � R (5 K) measured at 7.18 GHz plotted versusT =T for
sample S103 001. The temperature dependence ofR below 20 K is shown
in the inset. The full lines correspond to an exponential fit with a�(0)=kT
obtained from penetration depth.

Fig. 4. The temperature dependence ofR values at 7.18 GHz (open square)
and 17.9 GHz (open triangle) for sample S103 001. The crosses representR at
17.9 GHz obtained from the values at 7.18 GHz assumingf dependence and,
f dependence, however, is assumed in the inset.

However, such a low value is inconsistent with experimental
findings by other groups [13], [14].

In summary, , -axis penetration depth data do not allow to
distinguish between these two models.

IV. SURFACE RESISTANCEMEASUREMENT

Fig. 3 shows the temperature dependence of (5
K) for sample S103 001 at 7.18 GHz. Here the thickness effect
has been corrected. The observed linear behavior in this semi-
logarithmic plot at low temperature confirm the s-wave sym-
metry of the order parameter. The full line corresponds to an

behavior with a value as determined from
the penetration depth data. The inset showsvalues below 20
K indicating at 4.2 K. Frequency scaling ac-
cording to an assumed square law results in at
10 GHz, which is comparable to that of high-quality YBCO thin
film. This value is also in accordance with data obtained by the
other group [30].

We have also measured a high-order mode with a
resonant frequency of 17.9 GHz to obtain information about
the frequency dependence of (Fig. 4). The frequency depen-

Fig. 5. Comparison of the measured power handling capability of a YBCO
coplanar resonator at 1.4 GHz with simulations of a similar device made from
MgB based on a model developed in [32]. Taking into account that for MgB
the thickness can be increased largely, a higher power handling capability can
be expected from MgBcoplanar resonator forT � 30 K.

dence can be assumed to have a form of, where is
referred to as the square law. For comparisonat 7.18 GHz is
also plotted. The crosses represent the scaledvalues at 17.9
GHz obtained from at 7.18 GHz according to a square law.
It can be seen that the square law is approximately valid only at
very low temperatures up to about 8 K. At high temperatures
increases up to about for temperatures close to (inset
of Fig. 4).

V. POWER HANDLING CAPABILITY

We have shown previously that for epitaxial weak- link free
YBCO thin films the power handling capability is ultimately
limited by the dc critical current density [31]. Furthermore, it is
assumed that in textured MgBweak links do not affect the crit-
ical properties due to the larger coherence length of MgBcom-
pared to that of HTS material [32]. Therefore, we expect that
even for MgB with weak links the power handling capability
is determined by the dc critical current density. Fig. 5 shows a
comparison of the power handling capability of a YBCO and
a MgB coplanar resonator. For the high-material experi-
mental and theoretical values are given, whereas the data for
MgB are derived from the model [31] using experimental data
for A/cm and linear temperature depen-
dence [33]. For YBCO thin films on technical sapphire sub-
strates, the film thickness is usually limited due to the critical
thickness to a nm or, using an optimized deposition
process [34], nm. Taking into account that for textured
MgB films large thickness achieved, large microwave power
handling capability are expected from MgB. This is a direct
consequence of the larger coherence length and the larger crit-
ical thickness of MgB thin films compared to HTS thin film.
Thus, for K MgB might be a very promising material
for high power microwave applications.

VI. CONCLUSION

By employing advanced dielectric resonator techniques, the
microwave surface impedance has been determined for-axis
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oriented MgB thin film. The s-wave nature of order parameter
is clearly demonstrated with values around 1.1. The
temperature dependence ofcan be well fitted by BCS theory
in the entire temperature range belowresulting in values
about 100 nm. The temperature dependence of superfluid den-
sity can be well explained both by an anisotropic one-gap
and an isotropic two-gap model. The temperature dependence
of at 7.18 GHz shows an exponential behavior below 20
K in accordance with the penetration depth data. The measure-
ment of the frequency dependence of shows that the square
law is only valid at low temperatures. For higher temperatures,
the exponent of the frequency dependence decreases down to

close to . The values at low temperatures (19.4
at 4.2 K, 170 at 20 K and 7.18 GHz) are still dominated

by residual losses. The promise for possible cavity applications,
e.g., to replace niobium, resides on a dramatic improvement of
the residual surface resistance. In turn, the residual surface re-
sistance represents an important figure-of-merit for progress in
MgB thin film preparation. Microwave power handling capa-
bility simulations show that MgBis also a promising candidate
for high power microave applications compared to HTS when
taking lower temperatures of K into account.
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