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Effective gap at microwave frequencies in MgB, thin films with strong interband scattering
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The microwave properties of polycrystalline MgB, thin films prepared by the so-called in situ method are
investigated. The characterization of the films at microwave frequencies was obtained by a coplanar resonator
technique. The analysis of the experimental data results in the determination of penetration depth, surface
impedance, and complex conductivity. The aim of this work is to set the experimental results in a consistent
framework, involving the two-band model in the presence of impurity scattering. The energy gaps are calcu-
lated and the contribution of intra- and interband scattering is considered. From the comparison between the
calculated gap values and the experimental data it turns out that the temperature dependence of the penetration
depth can be accounted for by an effective mean energy gap, in agreement with the predictions of V. G. Kogan
and N. V. Zhelezina [Phys. Rev. B 69, 132506 (2004)]. On the other hand, the temperature dependence of the
real part of the microwave conductivity and of the surface resistance is accounted for by the single smaller gap,
in agreement with the work of B. B. Jin, T. Dahm, A. I. Gubin, E.-M. Choi, H. J. Kim, S.-I. Lee, W. N. Kang,
and N. Klein [Phys. Rev. Lett. 91, 127006 (2003)]. Since these findings rely on the same calculated gap

structure, the required consistency is fulfilled.
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I. INTRODUCTION

Since the discovery of its superconducting properties,
magnesium diboride (MgB,) has generated a great deal of
interest because of its simple structure, relatively high criti-
cal temperature and two-gap nature. The Fermi surface of
MgB, consists of two three-dimensional sheets, from the 7
bonding and antibonding bands, and two nearly cylindrical
sheets from the two-dimensional o bands." Many physical
properties of MgB, are reasonably described within a model
with two separated energy gaps, A, and A>3 Nevertheless,
the role of interband and intraband scattering has to be
considered:>? it is still not completely clear, also due to the
widespread quality of samples used in different experiments.
In fact, a significant scattering between the different Fermi
sheets may reduce the effective gap structure to a single iso-
tropic gap. Recently, the expected observation of single-gap
superconductivity at high impurity level has been observed
in C-substituted MgB, single crystals by point-contact
spectroscopy.* When the level of impurities is high enough,
the two gaps merge into a single gap with a ratio 2A/kgT.
close to the standard Bardeen—Cooper—Schrieffer (BCS)
value.

The role of the two bands in determining the microwave
conductivity in MgB, thin films is controversial as well. The
temperature dependence of the microwave conductivity in
c-axis oriented films was interpreted by Jin et al.’ in terms of
a dominant contribution of the 7 band. They deduced this
argument from the observation of a single anomalous peak
around t=7/T.=0.6. The presence of such a peak can be
explained in the framework of the BCS theory. When the
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superconducting state is entered and the gap opens, a singu-
larity appears in the density of states at the gap edges, in-
creasing the microwave conductivity.® When the gap be-
comes larger than kg7, upon lowering the temperature,
quasiparticles condense and microwave conductivity is sup-
pressed. The peak at =0.6 is consistent with a small gap. On
the other hand, a clear statement in favor of the contribution
of both the bands in determining the microwave conductivity
in their high quality polycrystalline films (7,=39 K) comes
from Lee et al” They observed two distinct peaks in the
conductivity, at r=0.5 and r=0.9, consistent with the ex-
pected A and A, values.

It is worth mentioning that the properties connected to
superconductivity and to electric transport do not necessarily
rely on the same band, in accordance with the arguments
reported in Ref. 8. As a consequence, a comparison between
different properties measured on the same sample, such as
penetration length, surface resistance or complex microwave
conductivity, and the supposed band structure is needed to
shed light on the issue. This is in fact the aim of this work,
where the microwave properties of MgB, thin films prepared
by the so-called in situ method are investigated. The charac-
terization of the films at microwave frequencies, obtained by
a coplanar resonator technique, is presented. From the analy-
sis of the experimental data we determine the penetration
depth, the surface impedance, and the complex conductivity.
The relatively low T, value (about 30 K) suggests the pres-
ence of a relatively high level of impurities, which enhance
the interband scattering. It is worthwhile to note that the ion
milling process, needed to obtain the resonators, also in-
creases the disorder in the pristine film.” Accordingly, we
consider the contribution of intra- and interband scattering,
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FIG. 1. Resonance curve at 7=4.52 K. The solid line represents
the best fit of the experimental data (see text). Inset: resonance
curves at increasing temperatures.

in the framework of the model proposed by Kogan and
Zhelezina® in order to obtain a reliable description of the
temperature dependence of the measured penetration depth.
The resulting gap structure is also compared to the results
concerning the complex microwave conductivity and is dis-
cussed in detail.

II. PREPARATION AND MICROWAVE MEASUREMENTS

We fabricated 1 cm X 1 cm X 110 nm MgB, thin films on
(0001) sapphire substrates by a co-evaporation technique fol-
lowed by in situ annealing. B was evaporated by e gun and
Mg was evaporated by a resistive heater. During deposition,
the substrate was held at a temperature of 280 °C. The ther-
mal treatment was carried out at 500 °C for 5 min. Using
this method, we obtained MgB, thin films with rather good
electrical properties and smooth and homogeneous surfaces.
The analysis of the morphological and structural properties
has been performed by means of atomic force microscopy
and x-ray diffraction, respectively. The roughness of the
samples ranges between 10 and 20 nm (if evaluated on
5 wm? areas), and depends on the film thickness. The films
are polycrystalline and in the best samples we observe a
partial orientation along the ¢ axis.

Linear coplanar resonators have been obtained by a stan-
dard photolithographic process followed by dry etching in an
ion milling system: we obtained well-defined structures with
very sharp edges. The length of the central conductor is /
=8 mm, its width is w=300 wm, and the distance between
the ground planes is a=700 pm.

The microwave device was cooled in an Oxford He-flow
cryostat equipped with an ITC503 temperature controller and
with a custom-made dc magnet with high field uniformity.
By means of Rohde-Schwarz ZVK vector network analyzer
we measured the complex transmission coefficient, S,; (ratio
of the voltage transmitted to the incident voltage®), as a func-
tion of the driving frequency, f. Figure 1 shows the reso-
nance curves S,;(f) at increasing temperatures (inset) and at
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FIG. 2. Percent decrement of the loaded quality factor, Q;, as a
function of the input power, P;,, at zero dc field (solid symbols) and
as a function of the external dc field at P;,=—20 dBm (open
symbols).

T=4.52 K (main panel). The model of the resonator as a
RLC circuit, needed to extract by means of a fit of the ex-
perimental data the relevant parameters (resonant frequency
fo, loaded quality factor Q; and unloaded quality factor Q)
has been reported elsewhere.!? The best fit for the resonant
curve at T=4.52 K is shown in Fig. 1 (solid line).

The resonator results to be quite sensitive to rf and dc
magnetic fields, both directed perpendicularly to the film sur-
face. Figure 2 shows the decrement of the loaded quality
factor, Q;, as a function of external dc field and input power,
P,,, at T=5 K. This high sensitivity can be attributed to the
high aspect ratio (thin film in a transverse field), which
causes magnetic field line focusing at the edges, and to the
coplanar layout, which induces rf current peaks at the edges,
and finally to the intrinsic properties of MgB,. In the follow-
ing sections we analyze only microwave data measured in
zero dc magnetic field and P;,=-20 dBm, since the upper
limit of the linearity zone is about —10 dBm. Figure 3 shows
the resonant frequency and the unloaded quality factor as a
function of temperature. These parameters represent the final
output of the measurement procedure and are the base for the
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FIG. 3. Resonant frequency (right) and unloaded quality factor
(left) as a function of temperature.
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FIG. 4. Normalized resonant frequency as a function of tem-
perature. The solid line is the best fit of the experimental data (sym-
bols) obtained by the procedure described in the text. The inset
shows the penetration depth as deduced from the fit (London pen-
etration depth, solid line) and as recalculated from Eq. (1) (micro-
wave penetration depth, symbols, see Ref. 11).

following analysis, aimed at determining all the physical
quantities.

III. DETERMINATION OF PENETRATION DEPTH,
SURFACE RESISTANCE AND MICROWAVE COMPLEX
CONDUCTIVITY

The analysis of the microwave data, aimed at the evalua-
tion of the penetration depth and the surface resistance, has
to suitably account also for the substrate properties.!! In the
standard theory of distributed element transmission lines for
a half-wavelength resonator,'” the resonant frequency is
given by

1
2NL,C,

Jo (1)

where [ is the length of the resonator, L; and C; are the
inductance and the capacitance per unit length, respectively.
The ratio

foD) _ \/Lf + LIINTy)] Cle(Ty)]
fofo) N Li+ LMD Cle D]

where L and Lj are the geometrical and kinetic inductances,
respectively, depends on temperature through the penetration
depth \(T) and the permittivity of the substrate (7). T is a
reference temperature, usually the lowest in the measured
range.'! We fit the fo(7)/f,(T,) experimental data with suit-
able parametric expressions for the temperature dependence
of N and g, and with standard formulas for coplanar
waveguides,'"!3 as shown in Fig. 4. The temperature depen-
dence of the London penetration depth here assumed in the
fitting procedure is
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with y=3-T/T,, describing the weak coupling regime.'* At-
tempts to use y=4 (strong coupling regime and two fluid
approximation) or y=2 (d-wave superconductivity)' did not
lead to any reasonable result. It has to be noted that Eq. (2)
applies only to homogeneous superconductors with a single
isotropic gap. The fact that this expression fits the experi-
mental data very well is a first indication that our polycrys-
talline MgB, films have significant scattering between the
different Fermi sheets, which may reduce the effective gap
structure to a single isotropic gap. Significant deviations
from Eq. (2) are expected close to T, where the microwave
penetration depth N deviates from the London penetration
depth \; in order to meet the normal skin depth. Therefore
the fit was performed in a suitable temperature range, where
we estimate that the measured penetration depth A=\, (i.e.,
where )\Z2>Q)ILL00'1, being o, the real part of the
conductivity).!" This procedure allows obtaining a reliable
evaluation of Cy(T), that we can extrapolate to the whole
measured temperature range. Then we can recalculate L,(7)
from Eq. (1) by means of C,(T) and of the experimental data
fo(T). From these new L,(T) values, extended to the whole
temperature range, we extract the final \(7) values by means
of the formulas for coplanar lines.!"!3 This procedure assures
a model-independent determination of \ (inset of Fig. 4).
The value N\(0)=260 nm deduced from the data fitting
seems to be quite large if compared with other estimates in
literature. It can be attributed to the fact that the film contains
a certain level of impurities, as the relatively low critical
temperature shows: impurities and interaction effects drasti-
cally enhance the penetration depth.! In fact this value is in
between the estimates Ay "3=105.7 nm and A\{"*=316.5 nm
given by Golubov et al.' A similar result is reported in Ref.
15 (film I) where data show T.=29 K, A(0)=300 nm and are
fitted by Eq. (2) with y=3-T/T, as well.
The surface resistance, R,, is deduced as

R = waoL()\)Weff()\) ’
Qo

where we; is the effective width of the line'' and A\
=\, coth(d/2\;). The dependence of the surface resistance
on temperature is shown in Fig. 5. Despite the relatively low
T., the film shows quite a low R, comparable with values
in high-quality films:'®!7 R, =10 uQ) if the low temperature
points are extrapolated to 7=0 K, as shown in Fig. 5, or
R.s=32 u ) as deduced by the fit shown below (Fig. 9).
The real and imaginary parts of the complex microwave

conductivity, related to the complex surface impedance
through Z,=R +iX,=\isyw/ (0 —ic,), can be obtained as'®

2 Mo wR .va

_ . _ :u“Ow(st - sz)
(2R X))+ (RA-X)*

Oy = ’
T 2RX,)?+ (RE-X )

g

where X,=27f,uo\’, and are shown in Fig. 6.
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FIG. 5. Surface resistance as a function of temperature. The
dotted line is the extrapolation of low temperature data to 7=0 K.
Inset: the same data, in a linear scale.

IV. EFFECTIVE GAP

The physical parameters obtained above should somehow
mirror the gap structure of the material. In this section we
determine the gap functions underlying the experimental data
from the comparison between measurements and calcula-
tions based on two-gap models. In order to proceed, we pre-
liminarily examine the temperature dependence of the pen-
etration depth. For a clean system, a kink or at least an
inflection point in the temperature dependence of the pen-
etration depth is predicted in the range of 7/T. from 0.3 to
0.5.11% Interband scattering is expected to smooth out this
feature'-!? and its absence in our data supports the hypothesis
that interband effects are rather strong. Also the relatively
low critical temperature is a further indication of the impor-
tance of interband impurity scattering. Accordingly, we con-
sider the following expression for the London penetration
depth in the case of strong interband and intraband scatter-
ing, as given by Kogan and Zhelezina®

5x107
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3x10” 4

@'m’)

~
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2x10”

1x10”

Ct=TIT,

FIG. 6. Real part, oy, and imaginary part, o, of the microwave
complex conductivity as a function of temperature. Note the differ-
ent scales concerning the real (right) and imaginary parts (left).
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*

2 Va/<vivk>a7-a’ (3)

A%)7! o« A" tanh
M M kT

where a=m,0,v, are relative densities of states, v, are the
Fermi velocities, 7, are suitable combinations of scattering
times® and A" is an effective mean energy gap

_ (§7T+ go’)AﬂAU' g _ VO'
LA+ LA, T T 21,0,

Vr

27, A,

A" ; é’(}_:

(4)

{, and {, are proportional to the interband scattering level
(£, s> 1 for strong interband scattering®). If the terms in
the sum in Eq. (3) are temperature independent in the inves-
tigated range, the following expression holds:

N(0)  AY(T) A"

) - a0 P T ®)

A comparison between the measured A(7) and calcula-
tions based on Eq. (5) are shown in Fig. 7, where different
theoretical curves are reported and main parameters are
listed. The calculation of the two gaps A and A, needed to
obtain A" through Eq. (4), is performed in the framework of
the two-band Eliashberg theory and proceeds as follows.?’
The critical temperature of an ideal impurity-free MgB, film,
T:, is fixed by a suitable u value (prefactor of the Coulomb
pseudopotential®’). The effect of impurities is then added by
setting the interband scattering rate I',, see Ref. 20, to a
value adjusted to get the experimental 7,, starting from T:.
We assume the spectral functions and the electron-phonon
coupling constants calculated by Golubov et al.?'??* (A,
=0.448, \,,=1.017, \,,=0.213, \,=0.155), the Coulomb
pseudopotential as in Ref. 20, with a cutoff energy of
700 meV, and the solution calculated until a maximum en-
ergy of 800 meV. The considered densities of states at the
Fermi level in the o and 7 band are 0.3 and 0.4 states/(eV
unit cell), respectively. Once obtained A (T) and A (T), the
penetration depth is deduced through Egs. (4) and (5), with
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FIG. 8. Gap structure, as determined by the comparison between
experimental data and theoretical curves in Fig. 7. The arrow marks
the reduced temperature at which A =kgT.

v,=0.43, v,=0.57 and scattering times 7,,=7,,=1/T .,
and compared to experimental data. All the curves reported
in Fig. 7 are calculated by using p and I", values that give
the same 7, the experimental one. The best agreement be-
tween theoretical and experimental curves is found in the
case u=0.0475 and I',;,=0.8 meV (curve 1; the correspond-
ing gap functions are reported in Fig. 8.). The resulting value
of I' ., corresponds to the case of intermediate-to-strong in-
terband scattering,® but fulfills the condition I',,>T,
>1 ., suggested in Ref. 8. In this case it should be noted that
if the superconducting band with the smaller gap is over-
damped due to impurities, then the penetration depth is ex-
pected to be dominated by the other band.! In fact, we notice
that the N\(7) dependence in our films is much closer to the
curve expected for pure o contribution than to the curve
expected for pure 7r contribution (Fig. 7, curves 4 and 5,
respectively).

An opposite behavior, i.e., a dominant role of the smaller
gap, is expected when the properties connected to dissipation
and electric transport are concerned, in agreement with the
arguments of Ref. 8. We now discuss the temperature depen-
dence of the real part of the microwave conductivity, o, and
of the surface resistance, R, by comparing data to the gap
structure we obtained above (Fig. 8). The aim is twofold.
First of all, we look for further support to the derivation of
the gaps from the penetration depth. Moreover, we want to
check if the prevailing influence of the smaller gap, claimed
for o, and R, holds.

The dotted line in Fig. 8 represents the condition A(7)
=kgT. This line crosses the gap curves in correspondence of
reduced temperatures that could be relevant to discuss the
dependence on temperature of 0. As already mentioned in
the Introduction, the peak shown by o (7) is connected to
the value of the gap. In our case, the o peak occurs at ¢
~0.62 (Fig. 6), exactly at the same temperature where the
A(T)=kgT line crosses the A _(T) curve in Fig. 8. This result
represents a remarkable agreement between independent
physical parameters framed into a consistent two-gap model.
It turns out that o cannot decrease until quasiparticles start
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FIG. 9. Low temperature surface resistance data, fitted by Eq.
(6) with the parameter A(0) set to A(0), A,(0) and A*(0), respec-
tively. The residual resistance, R, resulting from the different fits
is also reported.

to also condensate in the 7 band, in accordance with the
findings of Jin et al.> No clear features in the o(7) curve
emerge at reduced temperatures corresponding to the inter-
sections of the A(T)=kgT line with either A (7T) or A™(T)
functions.

Since the behavior of o(T) is ruled by the smaller gap
and N(7) results from a mean effective gap, the question
arises about the prevailing effect on R,. In fact, in a two-fluid
model, R,= (w?u\3c|)/2. Low temperature R, data can be
used to estimate the gap value according to the fitting
expression?

A 4t
Rs(t) = 111( )6_6” + Rrew (6)
t 129

where 1=T/T,, v=hf/A, 5=A(0)/KT, and R, is the residual
resistance. Figure 9 shows that the experimental data can be
nicely fitted by Eq. (6), with A(0) fixed to A_(0) and with
only three free parameters left (solid line). Attempts to get a
good fit by setting A(0) to A,(0) or to A*(0) did not lead to
reasonable results (dashed and dotted lines, respectively).
This result rules out the contribution of the o band to R, in
the investigated temperature range. Its validity has to be
checked for T>T,/2, since the cubic dependence of R; on A
is expected to prevail.

V. CONCLUSIONS

The microwave properties of polycrystalline MgB, thin
films prepared by the in sitzu method have been investigated
by a coplanar resonator technique. Penetration depth, surface
resistance, and microwave conductivity were extracted by
the analysis of the resonance curves at different tempera-
tures. Data were interpreted by considering the contribution
of intra- and interband scattering, in the framework of the
two-gap model proposed by Kogan and Zhelezina.? It allows
obtaining an effective energy gap from the two gap func-
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tions, which have been calculated from the two-gap Eliash-
berg theory. From the comparison between the calculated
gap values and the experimental data it turns out that the
temperature dependence of the penetration depth can be ac-
counted for by the effective mean energy gap. On the other
hand, the temperature dependence of the real part of the mi-
crowave conductivity and of the surface resistance is ac-
counted for by the single small 7 gap, in agreement with
other literature findings. These results are fully consistent
since they rely on the same calculated gap structure. The
main microwave properties of the investigated films make

PHYSICAL REVIEW B 71, 214522 (2005)

them promising for applications such as kinetic inductance
photon detectors.
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