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Abstract: A microwave technique suitable for investigating the AC magnetic susceptibility of small
samples in the GHz frequency range is presented. The method—which is based on the use of a
coplanar waveguide resonator, within the resonator perturbation approach—allows one to obtain the
absolute value of the complex susceptibility, from which the penetration depth and the superfluid
density can be determined. We report on the characterization of several iron-based superconducting
systems, belonging to the 11, 122, 1144, and 12,442 families. In particular, we show the effect of
different kinds of doping for the 122 family, and the effect of proton irradiation in a 122 compound.
Finally, the paradigmatic case of the magnetic superconductor EuP-122 is discussed, since it shows
the emergence of both superconducting and ferromagnetic transitions, marked by clear features in
both the real and imaginary parts of the AC susceptibility.

Keywords: iron-based superconductors; high-frequency AC susceptibility; microwave superconduc-
tivity

1. Introduction

Since 2006, when iron-based superconductors (IBSs) were discovered [1], they raised great
interest both from a fundamental point of view and for application-oriented research [2,3].
Throughout the years, new IBS “families” came into play, sharing some common intriguing
features [4], such as their multiband nature [5], unconventional pairing [6,7], and nontrivial
pairing symmetries [8], and for these reasons they are currently the object of an intense
study effort by research groups throughout the world.

Within this framework, the investigation of their high-frequency (microwave) prop-
erties has proven to be extremely useful in the characterization of such novel materials,
yielding crucial information about the mechanisms of superconductivity [9-11]. This can
be achieved by means of several methods, critically depending on the frequency range
of interest. For the GHz range, the use of resonant microwave methods guarantees high
sensitivity and accuracy, though they are generally limited to one or a few frequencies [12].
Among these, resonator-perturbation methods, based on the analysis of small changes
induced by the sample in the electromagnetic response of a resonator to which it is coupled,
have been employed successfully [13-15]. In particular, in these methods, the resonator is
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an efficient probe of the distribution of the electromagnetic fields inside the sample, thus
giving access to their response that can be expressed in terms of the complex AC magnetic
susceptibility, xac.

In this work, we report on a microwave technique based on the use of a coplanar
waveguide resonator (CPWR) that is suitable for the study of very small IBS single crystals,
and we show how the absolute values of ), can be obtained for thin platelets (Section 2).
It is shown that a further analysis of the complex AC susceptibility data allows one to
obtain the London penetration depth A, and therefore the superfluid density, thus enabling
the validation of theories and models concerning the mechanisms of superconductiv-
ity in the IBS. For this goal, the high frequency of this technique offers an advantage
with respect to conventional AC susceptometry, for which the determination of Ay is
challenging [16] because of the long wavelength and the geometry associated with those
experiments [17], which is more suitable for the study of vortex physics and pinning [18-20]
and of nonlinearity [21,22]. In Section 3 of this paper, we present and discuss the character-
ization of several IBS systems, belonging to different IBS families. They are organized in
a comparison among families (Section 3.1); a comparison of systems with different types
of doping within the same family (Section 3.2); an analysis of the effects of ion irradiation,
introducing disorder, on the same compound (Section 3.3); and finally the characterization
of a ferromagnetic superconductor (Section 3.4). The latter case is paradigmatic, since it
shows the emergence of both superconductivity and ferromagnetism, which can coexist in
IBSs with magnetic rare-earth elements, as is clearly evinced by features in both the real
and imaginary parts of AC susceptibility.

2. Materials and Methods
2.1. Materials

The high-quality IBS single crystals investigated in this work were prepared in different
laboratories. In Table 1 we report a list of the studied materials, with indications of the
doping level x (in all cases this was close to optimal doping level), the labels that identify
them throughout the work, and a short indication of the preparation method.

Table 1. List of the IBS materials investigated in this work, with indications of the doping level x, of
the label that identifies each of them in this paper, and of the preparation methods, with references to
the papers where further preparation details can be found.

Material x Label Preparation Method Ref.
FeSeq_,Tey 0.61 SeTe-11 Slow cooling—low T annealing [23]
Ba;_ K FeyAsy 0.42 BaK-122 FeAs self-flux [24]
Ba(Fe1_,Coyx)rAs) 0.075 BaCo-122 FeAs/CoAs self-flux [25]
BaFep(Asi_Py)» 0.33 BaP-122 BapAsz/BayP3 flux [26]
CaKFesAs, — CaK-1144 High-T solution growth [27]
RbCayFesAsyFo — Rb-12442 RbAs self-flux [28]
EuFey(Asi_Py)» 0.20 EuP-122 Self-flux [29]

2.2. The CPWR Method

A microwave coplanar waveguide resonator (CPWR) technique was used to inves-
tigate the high-frequency AC susceptibility of small crystals. The CPWR was obtained
by standard photolithography from a YBay;CuszOy7_, 250-nm-thick film deposited on a
MgO substrate [30]. The sample under study was coupled to the CPWR by fixing it at
the center of the 350-pm-wide central stripline, far from the edges, where a quite uniform
RF (radio frequency) magnetic field is generated, parallel to the CPWR surface and with
amplitude of Hy;c = 1 Oe (see the sketch in Figure 1a). The resonance frequency of the
CPWR is about f = 7.9 GHz, depending slightly on temperature. A Rohde & Schwarz ZVK
vector network analyzer was used to continuously measure the transmission coefficient
S»1 between the two ports sketched in Figure la (according to a standard scheme [31]),
in a frequency window of ~40 MHz around the CPWR resonance, while the system is
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slowly heated from the base temperature to about 20-30 K above the T. of the sample.
Based on Sy vs. frequency curve, the resonance frequency fy and the unloaded quality
factor Qg are extracted through fitting with a modified Lorentzian function [15]. Within a
resonator-perturbation approach [32], the fractional shifts of the resonance frequency and
of the quality factor of the CPWR, due to the presence of the sample, are connected to its
complex magnetic susceptibility (see Figure 1b,c) as follows:

A (1 '

where the geometrical factors I'r and T' depend on the distribution of the RF fields around
the resonator and on the sample shape and dimensions. Equation (1) was rewritten [33,34]
based on the relations given in [32], with the approximation of a very small sample posi-
tioned in a region with a negligible electric field. These approximations affect in a different
way the real and imaginary parts of Equation (1), necessitating the adoption of two slightly
different geometrical factors, I'r and I'g (usually within 20-25%) [33,34].
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Figure 1. Description of the measurement method and data analysis procedure: (a) sketch—not to
scale—of the coplanar waveguide resonator (CPWR, blue) with the IBS crystal under study (orange)
coupled to it, and the launchers (green), capacitively coupling the CPWR to the measurement setup.
(b) Shifts of the resonance frequency and of the quality factor, fitted—above T.—by means of the
procedure described in Section 2.3. (¢) Complex AC susceptibility as a function of temperature, for a
BaK-122 crystal, 11.8-pm thick.

2.3. Calibration

The geometrical factors in Equation (1) are determined though a calibration procedure
based on data collected at temperatures T > T [34]. Here, the sample is supposed to
behave like a metal, and the theory of electrodynamics in normal metals [35] gives, for a
slab of thickness 2c, with H,. parallel to the slab surface:

5 sinh(@) —|—sin(@)
Aac + 2c cosh(%) +cos(%) @
"no_ ESinh(%) _Sin(Tc)

— 3
Xac = 3¢ Cosh(%) +cos(%) ®)

where § = \/2p/wpy is the classical skin depth, and p is the DC resistivity. The complex
susceptibility of a metallic slab is shown in Figure 2a as a function of the ratio J/c.
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Figure 2. (a) Complex susceptibility of a metallic slab, as a function of the ratio between the skin
depth 6 and the half-thickness c of the slab, based on Equations (2) and (3). The inset shows the same
data in the combination /. vs. x4 (b) London penetration depth A} and skin depth 4, as a function

of temperature, for a BaK-122 crystal.

Above T, for the small crystals under study, we assume that the temperature depen-
dence of the fy and 1/ Qp shifts in the CPWR are mainly due to the temperature dependence
of the skin depth, neglecting other contributions (e.g., from thermal expansion). Thus, we
fit the experimental fy and 1/Qy shifts above T, by means of Equations (1)—(3), with the
constraint of keeping the same 6(T) for both the curves. A small correction (of the order of
few percent) was also used to take into account the penetration of RF fields from the other
faces of the crystal (which, due to its finiteness, is not exactly an infinite slab). With this
aim, we added two further terms to Equation (2), both equal to the second term of x/. but
with the substitution of ¢ with a and b, respectively [34,36]. The same was carried out for
Equation (3), where we added two terms similar to that shown in Equation (3) itself, but
with a and b instead of c. This is a reasonable approximation when the two dimensions
other than the thickness are much larger than J (which is expected to be of the order of
microns), as for our platelets. Thus, the geometrical factors I'r and I'g can be obtained
via a fit (as shown in Figure 1b), and kept valid in the whole temperature range, i.e., also
below T..

Finally, through Equation (1), the absolute values of x,. and x/. are also obtained for
the superconducting state (Figure 1c). It can be noted that, in contrast with low-frequency
Xac(T), both real and imaginary parts of the AC susceptibility assume non-zero values in
the normal state, and that no peaks emerge in x/... This is a consequence of the fact that
the penetration depth (discussed in the next section) connects, at T, to the skin depth 6(T),
which in this frequency range is lower than the half-thickness of the sample, thus resulting
in shielding (x/,. < 0) as well as dissipation (x. > 0) in the normal state.

2.4. Penetration Depths and Superfluid Density

Once the complex susceptibility has been determined in the superconducting state,
the London penetration depth, A (corresponding to the skin depth for a superconductor),
and the quasiparticle conductivity, ¢y, can be found. In fact, in a superconductor, the
complex susceptibility x = xm + Xs depends on both a bulk contribution, )X, and on
the screening effects of supercurrents [33], generating a contribution x; that, for a slab of
thickness 2c¢, reads:

o= {1-m[BRIIL g o) @

KC KC

K= \/1//\%+iwy001. 5)

where
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Thus, in the case of pure superconductors without significant magnetic ordering
(xm =~ 0), both A}, and o7 can be deduced by means of Equations (1), (4) and (5). On
the other hand, if x,; cannot be neglected, as in the case of magnetic superconductors
(see below, Section 3.4), it can be determined by means of the same equations, once the
contribution due to screening by supercurrents has been subtracted.

An example of skin depth (for the normal state) and penetration depth (for the super-
conducting state) is shown in Figure 2b. Based on the latter, the superfluid density can be
calculated as ps(T) = Ap(0)2/AL(T)>.

2.5. Irradiation Experiments

We show in this work some results obtained on irradiated samples. Irradiations of
BaCo-122 crystals with 3.5-MeV protons were performed at the INFN-Laboratori Nazionali
di Legnaro, Italy, at room temperature and with the proton beam parallel to the crystal
c-axis. Several fluences were used, up to 1.67 x 10!7 cm~2. The 320-MeV Au ion irradiation
of SeTe-11 was performed using tandem accelerator at the Japan Atomic Energy Agency,
Japan, at a fluence of 10! cm 2, with the beam parallel to the crystal c-axis.

3. Results and Discussion

In this Section, an overview of results obtained using the CPWR method described
in Section 2.2 is given. The results are organized in a comparison among IBS families,
among types of doping, among pristine and irradiated samples, and finally between pure
superconductors and magnetic superconductors.

3.1. Comparison among Different IBS Families

In Figure 3 we report a comparison among the complex susceptibility of samples
representing different IBS families (frame (a)), including 11, 122, 1144, and 12,442 systems.
Frames (b) and (c) show, for the same samples, the London penetration depth and the
superfluid density.

SeTe-11

BaK-122 CaK-1144 — Rb-12442 ‘

— . 10

1144 | 1 0.8

12442

122 »

— 0.0 —
20 30 40 00 02 04 06 08 10

T (K) T/T,

Figure 3. Comparison among different IBS families. Panel (a) shows the complex AC susceptibility of
four different IBS families, 11, 122, 1144, and 12442. The penetration depth resulting from the analysis
of Xac is shown in (b). The corresponding superfluid density is shown in (c).

This overview clarifies the reason that high-frequency x,- measurements and the
CPWR technique in particular are valuable tools for the investigation of novel materials.
In fact, the knowledge of the absolute value of A; and/or of ps(T) for truly single crystals
(which could be very small) enables the validation of theories or models concerning
fundamental aspects of superconductivity in these compounds, including the coupling
mechanism [37], the number and value of superconducting gaps [38], the symmetry of the
order parameter [11], and A} anisotropy [39]. In fact, though these systems share common
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building blocks, they show specific behaviors. As for the common features, it can be noted
that all these materials are essentially based on the presence of Fe;X; planes—where X
is either a pnictogen (e.g., As) or a chalcogen (e.g., Se)—which are the layers supporting
superconductivity, separated by insulating or blocking layers. The latter define the different
IBS “families”, ranging from non-existing (as in the 11 family, SeTe-11 in our case), to
monoatomic layers (as in the 122 family, e.g., doped BaFe;Asy), to alternate monoatomic
(as in the stochiometric 1144 family, CaK-1144 in our case), and to more complex structures
(as in the 12,442 family, Rb-12442 in our case). The importance of the blocking layers on
the properties of IBS is particularly evident when looking at the differences between the
BaK-122, CaK-1144, and Rb-12442 in Figure 3: these samples are close to the same carrier
concentration given by K and Rb atoms [40,41]. These species are either mixed with Ba (in
the 122) or ordered in layers (in the 1144 and 12442) but play the same role, yielding the
same doped Fe;As; layers. The main difference among them is therefore directly given
by the spacer layer and results in quite different critical temperature, gap values and even
order parameters [38,42,43].

The specifics of each system have been investigated [38,42,43], showing that 122 and
1144 families can be understood within a si-multigap model, whereas nodal (d—wave
type) multigap superconductivity has been found for Rb-12442 [43]. On the other hand,
SeTe-11 shows an unusually large A1 (0) value, possibly indicating a large level of disorder
even in high-quality single crystals as observed by several techniques [44-46]. Efforts to
frame the Ay (T) data of SeTe-11 within an overall theoretical picture are currently ongoing.

3.2. Effects of Different Kinds of Doping in Ba-122

Figure 4a shows the complex susceptibility of BaFe, Asp-based systems, where super-
conductivity was induced by means of hole doping (BaK-122), electron doping (BaCo-122),
and chemical pressure (BaP-122). Frames (b) and (c) show the London penetration depth
and the superfluid density, respectively, for the same samples. It can be noticed that the
ps(T) curve of the K-doped system is qualitatively very different from the curves for the
other doping types, which are quite similar to one another. We showed that all these
compounds can be well described within the same s -multigap model [38], and speculated
that the main difference between P and Co doping with respect to K doping depends on
whether the chemical substitution is performed on the FeAs planes, which are the main
planes responsible for the superconducting properties (such as for P and Co doping), or
outside them (such as for K doping). This affects carrier scattering and the pnictogen
position (height from the FeAs plane), which are different in the two cases [47].

\ BaCo-122 BaP-122 BaK-122 |
—T—— T T T 3 " . T . T 1.0 ——TT7
04 (a) (b) ] (c)
02 - " Co P K | 1 o0&+ 1
1 e JJ : : K
0.0 o —— - EZ . 1 55
] ] Co P =] 7]
8024 43 | : 12 P
= ] 1~ =
_ 0.4 - Co -
1 | 024 .
1.0 — 77— 0 T ' T , , r 0.0 — 77—
10 20 30 40 50 10 20 30 40 0.0 0.2 0.4 06 0.8 1.0
T (K) T (K) T/T,

Figure 4. Comparison among different types of doping of the BaFe;As; compound, with Co, P, and
K. The complex AC susceptibility is shown in (a), the penetration depth resulting from the analysis of
Xac in (b), and the corresponding superfluid density in (c).
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3.3. Effects of Proton Irradiation

Figure 5 shows the effects of 3.5-MeV proton irradiation on BaCo-122 crystals. This
process produces defects at the nanoscale (mainly vacancies, interstitials, and small clusters)
that act as efficient carrier-scattering centers [48,49].

—0 —3210° ——6410" 8.810" 167107 |

— — 10—

(b) ' |

— 0.0 +——F——"T—"—"T—"—T>
10 15 20 25 00 02 04 06 08 10

T (K) T/T,

Figure 5. Effects of 3.5-MeV proton irradiation on BaCo-122 crystals, for different irradiation flu-
ences, ®. Panel (a) shows the complex AC susceptibility of pristine and irradiated samples, (b) the
penetration depth, and (c) the corresponding superfluid density.

The disorder induced by irradiation causes a decrease in T, and an increase in the
normal state resistivity, which is clearly visible in the x,:(T) data in (a), and a dramatic
increase in the penetration depth (panel (b)). Such a huge modification of A7 (0) (of the
order of 2300% for the highest proton dose) despite the relatively low degradation of T
(about —30%) is typical of systems with short coherence lengths, where the order parameter
is strongly suppressed in the vicinity of defects but mostly unaffected elsewhere [50,51].
Moreover, a similar behavior was successfully reproduced within a multiband Eliashberg
approach with disorder for another similar 122 system (Ba(Fe;_,Rh,),As,) that was irra-
diated with 3.5-MeV protons [11,37]. Furthermore, the superfluid density ps(T) shown in
(c) is similar to the case measured and calculated in [11,52], with a relevant change in its
temperature dependence after the first irradiation, and with minor modifications for higher
doses. This change is attributed to the transition from a clean to a dirty system and to the
relative modification of the superconducting gap values.

3.4. Flux-Pinning Effects

AC susceptibility can be used to study vortex dynamics and to test the flux-pinning
capability of IBSs. In fact, a source of dissipation affecting the value of x. is the motion
of vortices, which can be hampered by pinning due to defects. Figure 6 shows for SeTe-11
the fractional increment of X/, as a function of the applied DC magnetic field, i.e., for
increasing levels of vortex density. For the pristine crystal, the field dependence of this
dissipation term is linear, in agreement with other literature findings for this material in
this field range (e.g., for vortex-motion-induced surface resistance vs. DC magnetic field
at 6 K, 16.4 GHz, and 26.6 GHz [53]). The question arises whether dissipation induced
by this mechanism can be controlled and reduced by means of suitable artificial defects.
Heavy-ion irradiation is a powerful tool to create columnar or at least linearly correlated
defects, which proved to be very efficient, pinning centers in DC and at low frequencies.
There is a lack of information about their pinning efficiency in IBSs at high frequencies,
such as those investigated in this work. Thus, we irradiated SeTe-11 crystals with 320-MeV
Au ions at the fluence of 10" cm 2. Indeed, the results reported in Figure 6 show that
improved pinning in the irradiated crystal strongly reduces the vortex-induced increment
of x. with the DC field.
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4 T T T T
T=76K
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Figure 6. Fractional shift of the imaginary part of the AC susceptibility, Ax}./xm: = [Xi.(H) —
X (0)]/x.(0), as a function of the applied DC magnetic field, for a pristine SeTe-11 crystal and for
a SeTe-11 crystal after irradiation with 320-MeV Au ions at the fluence of 10" em—2. Data were
measured at a fixed temperature of T = 7.6 K, with the field applied parallel to the c-axis and to the
columnar defects induced by irradiation.

3.5. The Ferromagnetic Superconductor EuP-122

High-frequency susceptibility is particularly relevant for the study of systems showing
the coexistence of superconductivity and ferromagnetism. In IBSs, it was shown that mag-
netic moments in the FeAs layers are ordered in an antiferromagnetic (AFM) configuration,
and that AFM spin fluctuations induce the s pairing at the origin of superconductivity
in these materials [8]. IBS compounds containing magnetic rare-earth elements, such as
the EuFe;Asy-based systems, in addition possess local magnetic moments that can result
in further magnetic ordering. In fact, when superconductivity is induced by chemical
pressure through the isovalent substitution of P in the site of As (EuFez(As1_Py)2), the
magnetic moments of the Eu?* ions, initially in AFM order, cant out of the ab plane,
yielding a net ferromagnetic component along the c direction [54] that, coexisting with
superconductivity [55], induces a rich spontaneous vortex physics [56-58]. The onset of
this ferromagnetic order at the temperature T, and typical transitions due to its dynam-
ics, at temperatures T; and Ty, can be recognized clearly in the x,. features shown in
Figure 7a [33,59].

i v ¥ T T T T T T . . . :
I—EuP-125 pristine 1 1 T T T T

T ()
204@ ——EuP-122 irradiated — [ %0 (d) 5
- - - BaP-122 . g 0.4
1.5 4 »>T =>T 1t (3 M
] L m ] _2I.D
.7 ] =) ]
1.0t L’ H—- Lo & _106}\
0.5 3 0.2 £
=y [ P -
-2 ©
0.0 1 w_— - - - | S = 15
059 N - - == 1=995 Hz o;)o 0.0 _
i . 4 - o
10====-==-- - Koo [ M==10° 0% [ttt 10
T T T T T T y T y T ” T —TTT T
10 20 30 40 10 20 30 40 10 20 30 40 50
T(K) T (K) T (K)

Figure 7. (a) Complex AC susceptibility of pristine and irradiated EuP-122 and BaP-122 samples with
relevant temperatures marked by colored arrows. (b,c) Imaginary and real parts of the complex AC
susceptibility measured at the frequency of 995 Hz by means of a standard technique, for EuP-122
powders. The arrows have the same color code as in (a). (d) comparison between the imaginary part
of Xac (left scale) and the DC resistance (right scale) of BaP-122 single crystals.
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3.6. Comparison with Other Techniques

After showing results obtained by the CPWR technique with several IBS compounds,
in this subsection we propose a comparison of selected CPWR measurements with an
analysis performed by means of other more standard techniques, with the twofold aim of
validate the CPWR method and of highlighting its advantages.

Figure 7d shows a comparison between x/,. and the DC electrical resistance R, mea-
sured as a function of temperature on BaP-122 single crystals. The critical temperature of the
superconducting transition, as evaluated by the two techniques, is clearly the same. More-
over, the slopes of the curves for T > T are in agreement with increasing DC resistivity p
and skin depth 6 ~ ,/p (at high frequencies, X, is still informative about screening and dis-
sipation since J is lower than the half-thickness of the crystals, as discussed in Section 2.3).
For T < T, although the DC resistance drops to zero as the first superconducting percola-
tion path sets up, x/. gives information about quasiparticle-induced dissipation. In fact,
the quasiparticle conductivity can be calculated from ), in the superconducting state [34]
(not shown). A further practical advantage of the CPWR technique against DC resistance is
that the former is contactless.

Figure 7b,c show the complex AC susceptibility measured at the frequency of 995 Hz
on EuP-122 with a standard technique (i.e., by means of a Quantum Design MPMS3 com-
mercial susceptometer), that should be compared to the CPWR measurement reported in
Figure 7a. The comparison shows how both techniques are needed to achieve a comprehen-
sive understanding of the underlying physics, and the advantages of the CPWR method.
The standard susceptibility revealed a complex scenario for this material, with several fea-
tures indicating magnetic structures, below the superconducting T, (note that T is slightly
different in Figure 7a,b—black arrows—because the samples are a single crystal in (a) and
non-oriented powders in (b), with slightly different P doping). There is a correspondence
among such features in CPWR and standard measurements (colored arrows), although the
structures are much clearer in the high-frequency analysis. However, it is from the whole
set of measurements collected at very different frequencies, spanning over several decades,
that a comprehensive picture about dynamical mechanisms at work in this system can be
drawn. This kind of systematic analysis, over a large set of experimental conditions, is
currently in progress on EuP-122 powder samples.

4. Conclusions

In summary, we presented a novel approach to measure the AC magnetic susceptibility
of small samples in the GHz frequency range, exploiting a CPWR technique. Systematic
results were reported, to show the potential of the technique in characterizing several
aspects of the physics of iron-based unconventional superconductors. A comparative
analysis of an ample set of IBS systems belonging to four different families and covering all
possible chemical doping methods was reported. Furthermore, we discussed the effect on
the complex x,¢ of increasing disorder introduced via proton irradiation, and the effects of
pinning by correlated defects created by heavy-ion irradiation on vortex-motion induced
dissipation, at microwave frequencies. Finally, the case of a ferromagnetic superconductor
(EuP-122) was analyzed as a paradigmatic example, further validating the CPWR method
through the comparison with a standard low-frequency technique, and highlighting its
advantages in terms of the clarity of the signal features, enabling the investigation of
interesting dynamics and potential new physics in unconventional systems with peculiar
superconducting and/or magnetic states.
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