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Effects of disorder on the microwave properties of MgB, polycrystalline films
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The role of disorder in superconducting magnesium diboride (MgB,) policrystalline films is investigated in
the high frequency range by a coplanar microwave resonator technique. Two sources of disorder are consid-
ered, heavy-ion irradiation damage and sample ageing. Microwave measurements are analyzed in the frame-
work of the two-gap model with strong interband scattering contribution. It turns out that disorder enhancement
increases the interband scattering rate, resulting in a reduction of the surface resistance at low temperatures,
due to a slight increase of the 7 gap. Moreover, increasing disorder at grain boundaries induces a nonmono-
tonic residual surface resistance, showing the features of a resistive behavior for the highest disorder level.
Finally, the effects of the different kinds of disorder on the intrinsic and on the grain-boundary properties of the

MgB, films are compared and discussed.
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INTRODUCTION

A comprehensive understanding of the role of disorder in
two-band superconducting magnesium diboride (MgB,) is an
essential requirement for its use in potential applications.
Several experiments have been carried out with samples
where disorder was introduced by different methods
(substitutions,'~!* neutron and ion irradiations,'*?* growth
conditions®*). Although it is still an open issue, some points
seem to be established. Disorder-induced interband scatter-
ing is expected to cause an increase of the 7 gap, A, and a
decrease of the o gap, A, as well as a decrease of the critical
temperature.” In fact, data reported by several groups using
different characterization techniques on various types of dis-
ordered samples seem to fall onto two universal curves for
A, and A, if plotted as a function of the sample’s critical
temperature.”* Data are consistent with this picture at least
down to about 7.=25 K, where the A . enhancement is more
evident. Experimental observations below 25 K are more
ambiguous, and the model should include also the effects of
reduced density of states.'?

In this framework, the possibility to change the disorder
level in the same sample, e.g., by means of ion irradiation, is
of primary importance. Several experiments have been
performed'#~2* and the overall picture that emerges is that
irradiations with different particles and energies yield differ-
ent results on the superconducting properties of MgB,. Nev-
ertheless, a common feature is that damage levels of
107#+1072 displacements per atom (d.p.a.) induced both by
charged particles?”> and by fast neutrons'* start to seriously
degradate T, and zero-field critical current density. For what
concerns heavy ions, no clear evidence of formation of co-
lumnar defects has been reported for MgB,,'320 even if flux
pinning improvements have been proved, and the suppres-
sion in T, is much less compared to high-T,. cuprates. As a
further source of disorder, sample ageing has to be consid-
ered. Ageing is recognized to cause noteworthy effects, such
as critical current density enhancements,?® that could be at-
tributed to the mentioned increase of the lower gap. There-
fore, careful monitoring of the material response as a func-
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tion of time is required, what is obviously important also
from the point of view of any application. Finally, the differ-
ent effect of disorder on the intrinsic and on the grain bound-
ary properties in the case of polycrystalline films has to be
distinguished, and the influence of substrate modifications,
e.g., due to ion implantation in the case of irradiation, has to
be taken into account.

Microwave techniques provide good probes of disorder in
such systems since they offer advantages in determining the
effects of small changes in the gap values. In fact, resonant
microwave methods allow high-precision determination of
surface resistance, R,, and penetration depth, N, and both of
them depend exponentially on the gap. In a previous work?’
we showed evidence that in the low-temperature range the
microwave surface resistance is accounted for by the single
smaller gap A_, in accordance with other literature
findings,® and that the temperature dependence of the pen-
etration depth in MgB, films with strong interband scattering
is accounted for by an effective gap, A", which is a suitable
combination of the two gaps.?’*® As a consequence, since
disorder acts in opposite ways on the two gaps, A" is ex-
pected to change much less than A and A, with the disorder
level, and the same should hold for \.

In this paper we study the effects of disorder on the mi-
crowave properties of MgB, films with an initially strong
interband scattering and 7, around 30 K. A consistent set of
results was deduced from the microwave characterization of
the films, obtained by a coplanar resonator technique.?’-*"
Disorder was progressively increased in the same sample by
successive 0.25 GeV Au-ion irradiations, up to a maximum
fluence of 3 X 10!" cm™2, producing d.p.a. one order of mag-
nitude lower than in the previously cited experiments. As a
further source of disorder, sample ageing has also been con-
sidered. Microwave characterizations were performed before
and after each irradiation. Since the critical temperature al-
ways remains above 25 K, we interpret our data in terms of
increasing interband scattering due to increasing disorder.
We calculate the two gaps A, and A, and the critical tem-
perature as a function of the interband scattering rate I, in
the framework of the two-band Eliashberg theory. After-
wards, we fit the low-temperature experimental R data by
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the standard BCS model, taking into account the gap values
previously calculated. It turns out that the exact two-gap
BCS formula can be well approximated by the expression
proposed by Turneaure et al.,’' with the single 7 gap. Data
show that increasing disorder decreases the low-temperature
surface resistance while keeping N almost unchanged, as ex-
pected in the framework depicted above. The free parameters
of the fit allow drawing some conclusions concerning the
effect of the disorder on the residual surface resistance. With
this respect, we consider the presence of a grain boundary
network in the polycrystalline film and the fact that junctions
at the grain boundaries start degradating when disorder over-
comes a given threshold. Such hypothesis is also supported
by the clear evidence of weak-link switching to the resistive
state after the last irradiation, obtained by high input power
measurements in the nonlinear regime.

EXPERIMENTAL DETAILS

MgB, thin films, 110 nm thick, were deposited on (0001)
sapphire substrates by a coevaporation technique followed
by in situ annealing and linear coplanar resonators have been
obtained by standard photolithographic process followed by
ion milling.?” By means of a Rohde-Schwarz ZVK vector
network analyzer we measured the complex transmission co-
efficient, S,; (ratio of the voltage transmitted to the incident
voltage), as a function of the driving frequency, f. The pro-
cedure used to extract the penetration depth N(7) and the
surface resistance R (7) from the resonant frequency fo(7T)
and the unloaded quality factor Qu(7) has been reported
elsewhere.?’

Irradiations of the resonator took place at the XTU Tan-
dem facility of INFN - Laboratori Nazionali di Legnaro,
Italy, with 250 MeV Au ions directed perpendicular to the
film surface. Ions cross the whole film thickness and implant
in the substrate at a mean depth of 13 um.3> We irradiated in
sequence the same sample several times, up to partial flu-
ences of ®=0.5, 1.0, 1.5, 3.0X 10'" cm™. The total d.p.a. is
evaluated as 6 X 107!7.®, with ® expressed in cm™2.32 Mi-
crowave characterizations were performed before and after
each irradiation. All measurements and irradiations were per-
formed without removing the resonator from the package, in
order to avoid any possible change in the mechanical cou-
pling between the central strip and the microwave connec-
tors.

RESULTS AND DISCUSSION

Resonant frequency, penetration depth, unloaded quality
factor, and surface resistance, as measured before and after
each irradiation, are reported in Fig. 1. No significant change
in the penetration depth is observed. The slight decrease of
the resonant frequency as a function of irradiation fluence,
reported in the inset of the upper frame, is attributed to the
increase of the dielectric constant of the substrate and there-
fore of the line capacitance, due to ion damage and ion im-
plantation about 13 wm below the film surface. The quality
factor (lower frame) shows clear enhancements up to about
100%, below T=10 K. Accordingly, surface resistance sig-
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FIG. 1. Top frame: resonant frequency (left) and penetration
depth (right) as a function of temperature, before and after each
irradiation. The inset shows the resonant frequency at 7=5 K as a
function of irradiation fluence. Bottom frame: unloaded quality fac-
tor (left) and surface resistance (right) as a function of temperature,
before and after each irradiation.

nificantly reduces at low temperatures, for the higher inves-
tigated fluences.

In order to give the correct explanation of such results we
need to consider the general properties of the material and
their possible evolution in the case of increasing disorder. As
it is well known, MgB, is a two-band superconductor, with
different anisotropy properties for the two bands.*? Since we
only observe a partial orientation of the ¢ axis of the inves-
tigated films, we are not injecting rf currents in preferential
direction with respect to the MgB, cell. Therefore, the con-
tribution of both the bands has to be accounted for during the
analysis. We accomplished this task by calculating the two
gaps A and A, as a function of temperature and interband
scattering rate I' ., in the framework of the two-band Eliash-
berg theory, as follows. The critical temperature of an ideal
impurity-free film 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' ., to
values that reproduce the experimental critical temperatures.
We assume the spectral functions and the electron-phonon
coupling constants reported in Ref. 35, the Coulomb pseudo-
potential as in Ref. 34, with a cutoff energy of 700 meV, and
the solution calculated until a maximum energy of 800 meV.
The considered densities of states at the Fermi level are 0.3
and 0.4 states/(eV unit cell) in the o and 7 band, respec-
tively. The inset of Fig. 2 shows A and A, as a function of
temperature, for I",,=0.82, representing the case of the unir-
radiated resonator.?’” The expected increase of the 7 gap and
decrease of the o gap, due to disorder-induced interband
scattering enhancement, are shown in Fig. 2. Also the 7.
decrease as a function of I'_, can be calculated and it is
shown in Fig. 3, together with the experimental critical tem-
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FIG. 2. Calculated o and 7 gaps as a function of interband
scattering rate, at 7=5 K. In the inset, the calculated gaps are plot-
ted as a function of temperature in the case I';;=0.82 meV, repre-
senting the unirradiated resonator.

peratures of the resonator under test after each irradiation.
The latter have been obtained by a f,(7) fit,”” and corre-
sponding errors have been extracted from the covariance ma-
trix of the fit parameters, evaluated from the second deriva-
tive of x? at its minimum (Table I). Curves in Figs. 2 and 3
allow determining I' ., A, and A, from the T, values cor-
responding to each irradiation (Table I). The resulting errors,
as determined in the framework of the adopted model calcu-
lations, are low enough to discriminate among gap values
corresponding to the different irradiation fluences. It turns
out that the increase of disorder slightly enhances A _(0).
This behavior establishes a first qualitative agreement be-
tween the model and the experimental results, since we ob-
served a corresponding reduction of R,. In order to achieve
also a quantitative agreement and to get further insight into
the issue, we should consider the two-band BCS model for
the surface resistance. By extending the expression proposed
by Turneaure et al.’! to the two-band case, we get’

2
Ryx o, A{deqdpindpfin'Mij N(O)N,(0)L;, (1)

ij=1

where
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FIG. 3. Calculated decrease of the critical temperature with in-
terband scattering rate. Critical temperatures, obtained by the fit of
experimental f,(7) after each irradiation (Ref. 27), are indicated by
dotted lines.
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ho is the energy of the absorbed photon, p;,, ps, are the
quasiparticles momenta, q is the photon momentum, the ma-
trix |M(piy» Prin-q. f )| is integrated over available quasipar-
ticles and photons states, F is the Fermi function, A; is the
gap of i band, N;(0) is the density of states at the Fermi level
of i band and A;; are the corresponding weights. The inset of
Fig. 4 shows the comparison between the curve obtained by
the exact two-gap formula (1) with realistic weights for the
two gaps (curve no. 1), the curve obtained from (1) by ne-
glecting the o-band contribution (curve no. 2) and its ap-
proximation for T<T./2, hwo< <kgT, and iw< <A (curve

no. 3)
(@ w)? (4kBT> ( AW(T)>
RS kBT ln ﬁw exp B kBT (2)

that matches the expression given in Ref. 31, with A=A_.%7
The good agreement among the three curves for 7<10 K

TABLE 1. Summary of the critical temperatures T, interband scattering rates I',, gap values A and A, fitting parameters A and R,
[see Eq. (3)] for the same resonator before and after Au-ion irradiation with fluence ®.

® (cm™?) 0 0.5x 10! 1.0x 10! 1.5x 10" 3.0x 10!
T. (K) 29.60+0.02 29.52+0.02 29.46+0.02 29.40+0.02 29.20+0.02
T, (meV) 0.82+0.01 0.85+0.01 0.88+0.01 0.91+0.01 1.02+0.01
A_(0)(meV) 2.153+0.003 2.162+0.003 2.170+0.003 2.179+0.003 2.207+0.003
A,(0) (meV) 4.848+0.004 4.834+0.004 4.819+0.004 4.805+0.004 4.755+0.004
A (mQ) 2.38+0.05 2.76+0.09 2.81+0.09 2.73+0.07 3.07+0.04
R,ps (1)) 311 2542 16+2 13+2 17+1
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FIG. 4. Main frame: fit of the low temperature R, data by (3), in
the case of the sample before irradiation and after the highest-dose
irradiation. Inset: comparison between the surface resistance calcu-
lated by the exact two-gap formula (1) with realistic weights for the
two gaps (A,=0.6, A,=0.3, A,,=A,=0.05, curve no. 1, circles),
the curve obtained from (1) by neglecting the o-band contribution
(curve no. 2, triangles) and its analitical approximation (curve no. 3,
solid line) for T<T./2, hw< <kgT, and A< <A.

allows us to fit the experimental data by the analytical ex-
pression (2), rewritten as

R(T) =/—;1n<tf—BT)exp(— A,(—(TT)) fR.. ()
w B

where A is a constant and a temperature independent residual
resistance term R,,, has been added. R,,, represents the dis-
sipative contribution of the fraction of unpaired electrons at
low temperature. Results concerning fitting of data before
irradiation and after the highest-dose irradiation are shown in
Fig. 4 and the two free parameters A and R,,, are reported in
Table I for each irradiation. In Fig. 5 the residual resistance
is plotted as a function of the interband scattering rate and
exhibits a minimum in correspondence to about I'.
=0.95 meV.
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FIG. 5. Behavior of the fitting parameter R, (surface residual
resistance) as a function of the interband scattering rate (the line is
a guide for eye).

In order to explain the nonmonotonic R,,, behavior, the
presence of grain boundaries acting as Josephson junctions
in the policrystalline film is considered. Such junctions in
MgB, films are known to be of high-conductivity SNS
type.® Nevertheless, we clearly observe a transition to a SIS-
type weak-link behavior in measurements as a function of
input power. Figures 6(a) and 6(b) show the typical deforma-
tions of the resonance curve due to nonlinear effects, as the
input power is increased. In Fig. 6(c), which represent the
case of highest disorder here considered, evidence of weak-
link switch to resistive behavior is pointed out by the vertical
“steps” in the resonance curves.> In previous measurements
such weak links could be also present, but they were under
critical. As a further element of the discussion, we remind
one that in this case the surface residual resistance R,
o« jj/ 2R;,1, where j.; is the junction critical current density
and R, is the normal leakage current resistance.*’ Once es-
tablished the existence of these mechanisms, the presence of
the R,,, minimum reasonably follows as the balance between
two competing effects, both caused by disorder, namely en-
hancement of R;; and decrease of j.;. We argue that the ini-

0.7
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N
w
0.1 4
0.03L T T T T T T T T T
0.9998 1.0000 1.0002 0.9998 1.0000 1.0002 0.9998 1.0000 1.0002
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FIG. 6. Experimental resonance curves of the same resonator at three different levels of disorder [I",,=0.82, 0.91, and 1.02 meV for (a),

(b) and (c), respectively]. In each panel, several curves are shown for different input power levels (=20, =7, =4, —1, 2, and 5 dBm). The
normalization factor f” is the resonant frequency of the lower input-power curve. Nonlinearity effects cause the progressive distorsion of the
curves at increasing input power. Curves of figure (c) show also the typical features of weak-link switching to resistive state (downward steps
in the ascending part of the curve and upward steps in the descending part).

184518-4



EFFECTS OF DISORDER ON THE MICROWAVE PROPERTIES...

T T T T .
2.21 T A O 4296
2.20
] A 4295
2.194 A ,
3 2.18- 2 X
£ ] . o
o 217 € o 9 4293
2.16 o A Jogo
2454 o
T T T T 29.1
0 1x10"" 2x10" 3x10"
® (cm'z)

FIG. 7. Critical temperature (right) and 7 gap (left) as a function
of irradiation fluence.

tial decrease of R, as a function of disorder level is due to
higher sensitivity to R, variations. The ensuing R,,, increase
marks the emerging of the j.,-dependent term, that finally
starts to critically degrade the junctions.

Finally, we comment on the possibility to distinguish the
influence of different kinds of disorder on the intrinsic and
on the grain-boundary properties of the polycrystalline film.
Although no ultimate distinction is in principle possible,
hints suggesting how irradiation-induced and age-induced
disorder operates can be found. For what concerns the intrin-
sic intragrain properties, the linear correlation between  gap
or T, and irradiation fluence (Fig. 7) clearly suggests a role
of heavy-ion induced defects. On the other hand, grain-
boundary modifications, mirrored by the behavior of the re-
sidual surface resistance, seem to be mainly ruled by ageing.
In Fig. 8 the inverse of the unloaded quality factor at T
=5 K, proportional to the residual surface resistance, is re-
ported as a function of sample age. Solid symbols represent
measurements on the unirradiated resonator, while open
symbols represent measurements after irradiations up to the
indicated fluence. The initial decrease shown by
unirradiated-sample data and the final increase shown by the
last two points, measured just after the last irradiation and
two months later, suggest that the R,,, minimum is age in-
duced. At higher temperatures this effect is smeared out (data
at T=10 K are reported).
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FIG. 8. Inverse of the unloaded quality factor at 7=5 and 10 K,
as a function of the sample age. Each solid symbol represents the
average of several measurements on the unirradiated resonator,
while open symbols represent measurements after irradiation up to
the indicated fluence. Dotted lines are guides for eye.

In summary, microwave characterization of MgB, thin
films as a function of heavy-ion irradiation and ageing-
induced disorder has been presented in the framework of the
two-gap model with interband scattering contribution. En-
hanced disorder results in a remarkable reduction of the sur-
face resistance at low temperature, due to a sligtly-increased
A, and to disorder effects on weak links, inducing a non-
monotonic residual resistance. Data seem to indicate that
irradiation-induced disorder plays a role in modifying the
intrinsic properties of the material and age-induced disorder
determines the grain-boundary properties of such polycrys-
talline films, even though overlaying effects are not to be
excluded. These results extend to the high frequency domain
the picture already established by other experimental tech-
niques, concerning the role of disorder in two-band super-
conducting MgB,, and could be useful for material engineer-
ing aimed at microwave applications.
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