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Abstract

We present a study on the power dependence of the microwave surface impedance in thin films of the novel su-

perconductor MgB2. 500 nm thick samples exhibiting critical temperatures ranging between 26 and 38 K are synthe-

sized by an ex situ post-anneal of e-beam evaporated boron in the presence of an Mg vapor at 900 �C. Preliminary
results on films grown in situ by a high rate magnetron sputtering technique from stoichiometric MgB2 and Mg targets

are also reported. Microwave measurements have been carried out employing a dielectrically loaded niobium super-

conducting cavity operating at 19.8 GHz and 4 K. The study shows that the electrodynamic response of MgB2 films is

presently dominated by extrinsic sources of dissipation, appearing already at low microwave power, likely to be as-

cribed to the presence of grain boundaries and normal inclusions in the samples.
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The electrodynamic response of a supercon-
ductor in the microwave region represents an im-
portant tool for the accurate determination of
applied and fundamental parameters of the mate-
rial under test. In the newly discovered MgB2
compound [1], the search for the intrinsic and ex-
trinsic mechanisms responsible for the microwave
absorption presents also very promising techno-
logical implications. Its high critical temperature
together with the very good metallic properties,

and the potential easy of deposition on large areas
due to its simple binary structure, makes MgB2 an
almost ideal candidate as substitute for Nb in su-
perconducting accelerating cavities operating at 4
K. In wireless telecommunications, MgB2 may
exploit its ability to be grown on cheaper sub-
strates (namely, sapphire or silicon), rather than
on MgO and LaAlO3, for the development of
passive devices operating in cryocoolers at about
20 K.
The surface impedance Zs ¼ Rs þ iXs is surely

the most relevant parameter for microwave appli-
cations. Rs provides a quantitative estimate of the
dissipation induced by the e.m. field at the sample
surface, whereas the measurement of the imaginary
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part provides direct information on the magnetic
penetration depth k, since Xs ¼ l0xk (x is the
angular frequency). We present here a study on the
power dependence of Zs of MgB2 samples in thin
film form.
Films were obtained by appropriate post-an-

nealing of an electron-beam evaporated B pre-
cursor (500 nm) grown directly on an r-plane
oriented Al2O3 single-crystal 10� 10� 0:5 mm3

substrate [2]. After deposition the Boron film was
subsequently sandwiched between cold-pressed
MgB2 pellets, along with excess Mg turnings,
packed inside a crimped Ta cylinder and finally
annealed at 890 �C for 20–25 min. Best samples
showed values of the critical temperature Tc of
about 39 K with transition widths DTc (10–90%) of
0.1 K and a residual resistivity ratio RRR of about
3 (Fig. 1). Typical h–2h scan revealed the presence
of a c-axis aligned film whereas the pole figure
showed a random in-plane texture. AFM study
showed the presence of a polycrystalline-type
surface with grains up to 100 nm of diameter.
MgB2 thin films were also grown in situ by a

magnetron sputtering technique in a UHV system
(10�7 Pa) equipped with three focused 2 in.
magnetron sources. The substrates (sapphire or
MgO) were placed ‘on axis’ at 7 cm from the target
surface on the platelet of a molybdenum heater
that can operate up to 1200 �C under vacuum.
Deposition runs were performed co-depositing

MgB2 and Mg from stoichiometric targets at equal
sputtering power (500 W) for 10 min on cold
substrates, resulting in a Mg-rich Mg–B precursor
film. The film was then annealed at 600 �C for 10
min in Mg flow from the Mg target operated at the
same sputtering power. During heater warm-up
(cool-down) the sample was removed from the
heater using tweezers mounted on a wobble-stick.
The resulting films were about 1 lm thick, with
100 nm surface roughness as measured by AFM.
Resistive transition showed a maximum Tc of 22 K
and a transition width of about 1 K. The residual
resistivity ratio was 1.1 for the best sample.
Selected microwave measurements were per-

formed on a number of samples grown by e-beam
evaporation, having critical temperature ranging
between 26 and 38 K.
The surface impedance was investigated by

means of a dielectrically loaded resonator, con-
sisting of a high purity (RRR > 500) niobium cy-
lindrical shield of diameter 9.5 mm short-circuited
at both ends by two plates. A cylindrical dielectric
sapphire rod of diameter 7 mm and height 3.5 mm
is placed and centered between the two parallel
plates. The TE011 field of the resonator is excited
and detected by two semi-rigid coaxial cables, each
having a small loop at the end, and the resonant
frequency f and Q-factor are measured in the
transmission mode.
For the field measurements of the surface im-

pedance on MgB2 films we increased the input
power Pin feeding the cavity from �40 to þ10 dBm
at liquid helium temperature and replacing one
end with the sample under test.
In Fig. 2 the surface resistance Rs versus the

circulating power Pc ¼ Q0Pinð1� S211 � S212Þ, where
Q0 is the unloaded quality factor and S11 and S12
are the measured scattering parameters of the
cavity, is shown. At very low microwave power all
samples show the same feature, characterized by a
rapid increase of the surface resistance. In high
temperature superconductors this has been com-
monly interpreted as flux flow losses caused by
trapped flux in weak links [3]. However, this is
somewhat unlikely in MgB2, where magnetization
[4] and nonresonant microwave absorption stud-
ies on bulk samples [5] indicate negligible effects of
intergranular weak links. Increasing the input

Fig. 1. Resistivity vs temperature for an MgB2 film grown by

the ex situ post-annealing e-beam technique.
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power, there is a dramatic change in the depen-
dence, since vortices start to enter the material.
Due to the high frequency of operation, flux pin-
ning is not encountered, and vortices can flow
relatively easily. Results show that films having a
reduced value of the critical temperature have also
the lowest values of the surface resistance. This is
not really surprising since the residual surface re-
sistance is often an unpredictable function of the
quality of the sample surface. This is especially
true in the case of the novel superconducting
MgB2 material, where the procedure for thin film
growth is still quite irreproducible. A comparison
between our surface resistance measurements and
data that have appeared in recent literature is ra-
ther encouraging. One can see that these films
show a surface resistance of 2 mX at 19.8 GHz,
which is significantly lower than previous reports,
scaled at 19.8 GHz using the ordinary x2 scaling
law, i.e. 3–4 mX for films [6,7], 10 mX for pellets [8]
and is only slightly larger than the result obtained
on wires [8] which show the lowest surface resis-
tance of about 0.7 mX.

Fig. 3 shows the change in the resonant fre-
quency Df ¼ ðf � fminÞ=fmin, where fmin is the
value at the minimum input power, versus Pc. For
small variations, the relation Df / Dk holds,
therefore this is equivalent to look at the surface
reactance changes. While this quantity displays the
same dependence as Rs in film #1 and #2, its be-
havior is markedly different in film #3. In this
latter sample, nonlinearity in the inductance is the
primary source of microwave losses. This is also
confirmed by the analysis of the dimensionless
parameter r ¼ DRs=DXs ¼ Dð1=QÞ=ðDf =fminÞ, that
has been widely used in different resonators to
identify the source of nonlinearity in supercon-
ducting materials since it is independent of any
geometrical factor [9,10]. r for the three samples
under investigation is reported in Table 1, together
with the main transport properties, and it is of the
order of unity for film #1 and #2, whereas it is one
order of magnitude smaller for film #3. These
distinctive features indicate that nonlinearity in the
electrodynamic response is caused by different

Fig. 2. The surface resistance Rs as a function of the power Pc
circulating in the superconducting cavity at 4 K: film #1 ( ),

film #2 ( ), film #3 ( ).

Fig. 3. The normalized change in the resonant frequency Df as
a function of the power Pc circulating in the superconducting
cavity at 4 K: film #1 ( ), film #2 ( ), film #3 ( ).

Table 1

The main transport parameters measured for the films under study

Sample Tc (K) Jc (MA/cm2) @ 4 K q300 (lX cm) kð0Þ (lm) Rres (mX) r

Film #l 26.0 0.4 900 1.2 0.4 1

Film #2 26.5 0.3 – 1.0 0.3 2

Film #3 37.9 6.4 22 0.1 1.7 0.01
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mechanisms, likely flux flow losses in film #1 and
#2 and penetration of vortices in weakly coupled
grains in film #3 [10].
In conclusion, a comparison of surface imped-

ance versus power data amongst films of the re-
cently discovered MgB2 compound shows that the
source of microwave loss can be markedly differ-
ent, depending on the transport and structural
properties of the samples. In particular, it is found
that films exhibiting the lowest critical temperature
(�26 K) show also the smallest residual losses at
20 GHz.
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