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for the characterization of iron-based
superconductors
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Torino, Italy
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Abstract—We present in detail a coplanar waveguide resonator
(CPWR) method for the characterization of superconducting
single crystals. It exploits the region of a CPWR where the rf
magnetic field is quite homogeneous, by coupling a sample to
it. Measurements are performed with and without the crystal,
allowing a cavity perturbation approach. From the modifications
in the resonance frequency and quality factor of the system
it is possible to extract the London penetration depth and its
anisotropy, quasiparticle conductivity, surface impedance and,
when a coexisting magnetic phase is present, even bulk complex
susceptibility.

Index Terms—Microwave superconductivity, coplanar waveg-
uide resonator, iron based superconductors, penetration depth,
surface impedance

I. INTRODUCTION

The response of superconductors in the presence of high
frequency fields is particularly interesting both for applications
and for fundamental studies. The discovery of high tempera-
ture superconductors (HTS) that can be employed for several
devices such as filters [1] and, more recently, the employment
of superconducting resonators in the realization and control of
qubits [2] has been the driving force to engineer and optimize
materials for high frequency applications.

From the point of view of materials investigation, high fre-
quency techniques have provided access to several interesting
quantities such as the London penetration depth, surface
impedance, complex conductivity, scattering time and super-
fluid density [3], and the use of HTS resonators allows achiev-
ing high sensitivity [4]. This kind of studies yielded valuable
insight in the coupling mechanism and gap structure of novel
superconductors as the recently discovered iron pnictides [5].
In this context, we developed and optimized an experimen-
tal technique that gives access to the London penetration
depth, superfluid density, quasiparticle conductivity and sur-
face impedance of small samples of superconducting materials
with a critical temperature T, between ~ 10 and 50 K, such as
the Iron based superconductors (IBSs). This technique makes
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use of a coplanar waveguide resonator (CPWR) made of a high
temperature superconductor thin film and has been employed
for extensive studies on the iron pnictides.

In this manuscript, the experimental technique is discussed
at length in section II and some examples of its use and
results are reported in section III, finally conclusions are drown
(section 1V).

II. THE CPWR TECHNIQUE
A. Experimental setup

The experimental setup currently employed in our labora-

tory for the CPWR technique consists of:

¢ a Cryomech PT-415 pulse-tube cooler, mechanically de-
coupled from the measurement area, that allows to obtain
a base temperature at the sample position of about 5
K (limited mainly by the heat carried in by the coaxial
cables),

o an Oxford temperature controller ITC503 equipped with
a Cernox thermometer and two heaters that allow us
to measure and control the temperature near the sample
position with a 0.001 K sensibility,

o a Rohde Schwarz ZVK vector-network-analyzer that can
operate up to 40 GHz,

o the measurement cell (schematized in panel (a) of Fig. 1)
that consists of a CPWR obtained from a YBayCu3O7_,
(YBCO) film with thickness ¢=250 nm on a non-magnetic
MgO substrate. The resonator was patterned by standard
optical litography on a commercial THEVA GmbH [6]
film with 7, = 88 K [7]. The geometry is optimized to
match the impedance (50 2) of the measuring system
and to have a resonance frequency of about 8 GHz: the
central strip is w=350 pm wide, about 8 mm long, and
each ground plane is distant 150 pgm from it. It should
be noted that different resonance frequencies could be
achieved by changing the length L of the central strip,
since fo o< 1/L. The YBCO film is positioned into a
brass closed structure equipped with RF launchers.

The measurement cell is mounted on a long stand so that, if
needed, it can be inserted in the bore of a magnet to perform



measurement with external DC magnetic field applied.
This setup allows to investigate materials in the shape
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Fig. 1. Survey of the microwave characterization technique employed on
a CaKFeqAs, single crystal. (a) Schematic illustration of the CPWR with
the IBS sample coupled to it. (b) Rf magnetic field distribution near the
sample position. (c) Frequency dependence of the transmission coefficient
of the resonator with the sample coupled to it below and above the critical
temperature of the material. Red curves are the fit described in the text. (d)
Temperature dependence of the resonant frequency and (e) quality factor of
the resonator by itself (black symbols) and of the resonator with the sample
coupled to it (red symbols). (f) Resonance frequency and quality factor relative
shifts above T and their fits by means of Eqs. 6 (red solid lines), as discussed
in the text. The skin depth employed in the fits is shown as a blue dashed
line. (g) Typical outcome of the measurements performed with the CPWR
technique: Az, (T") (blue, left scale) and o, (T) (black, right scale). (h) Surface
impedance calculated with Eq. 12 from the data showed in (g).

of small platelets with typical dimensions 2a X 2b X 2c¢ =
200 x 350 x 10 um?®. The only constraint is 2a < w to avoid
inhomogeneities in the field experienced by the sample.

The sample is coupled to the CPWR by placing it at the center
of the waveguide strip with a small amount of vacuum grease
that ensures adhesion and thermal contact. At this position,
the electric field generated by the resonator is negligible (in

fact, it is concentrated in the regions between the edges of
the central strip and the edges of the ground planes) and the
magnetic field has a maximum. Moreover, far from the strip
edges, the magnetic field is uniform within 5% and the only
nonzero component is the one parallel to the film surface,
and in particular to w (in the ab-crystallographic plane of the
sample). The field was evaluated (panel (b) of Fig. 1) using
the Biot-Savart law on the current density distribution j77/(x)
for the center conductor of a CPWR given by [8]:

) = e
K(F)wy/((x)

where x is the coordinate along the transverse direction, Iy,
is the total current,

- ()7
=) -7
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K is the complete elliptic integral and the effective penetration
depth of the YBCO thin film is Acyr = Ap coth (¢/2Ar). The
resulting rf magnetic field produced at the sample position is
the probe for the superconducting properties of the material.
The resonator is operated below its nonlinearity threshold [9].
A continuous measurement of the transmission coefficient
So; in a frequency window around the CPWR resonance
is performed while the system is heated from the base
temperature to about 20-30K above the 7. of the sample.
The typical heating rate is 0.25K/min, slow enough
to ensure that no thermal drift effects influence the
resonance curves. As shown in Fig. 1 (c), each So1(T)
curve is fitted with a modified Lorentzian function
(Sar (=551 /1 + Q3 (F/fo— fo/ ) superimposed
to a linear background to yield the resonance frequency, f
and loaded quality factor Q7 of the system at a particular
temperature. The unloaded quality factor, (g, is then
calculated as Qo = Qr/(1—S5**). In the end the fo(7T) and
Qo(T) curves are obtained. Two measurements are performed:
one with and one without the samples, an example is shown
in Fig. 1 (d) and (e). The relative shifts A fy/fo and A(1/Qo)
are then computed in order to analyze the properties of the
sample with a cavity perturbation approach.
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B. Data analysis

When, as in our case, a sample much smaller than the
cavity is positioned in a region where E has a node and the
fields outside the sample are not significantly influenced by its
presence, it is possible to express the relative shifts as [10]:
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where I' takes into account all the geometrical factors con-
nected to the distribution of the fields in the cavity and x
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is the complex magnetic susceptibility of the sample. In this
approach, approximations act differently for quality factor and
frequancy shifts, therefore two distinct geometrical factors
(I' and I"”) should be considered [10]. For a large slab of
superconductor with non negligible losses, x can be related to
the complex propagation constant « of the 1f electromagnetic
wave (which in turn, below T, is related to \;) yielding:

2Aﬁ)r{1m{tanhnc]}, @
fo KC

1 /v | tanh ke
@

This last relation can also be modified to include a bulk
magnetic contribution in the case of materials for which
superconductivity and strong magnetic signals coexist [11].

The geometrical constants I' and I'” need to be determined
self-consistently within a calibration procedure that makes use
of the experimental data measured above 7., where IBSs are
metallic. For a metal R(k) = $(k) = 1/6, where § =
V2p/(wpo) is the classical skin depth, related to the resistivity
p. Moreover, due to the small size of the investigated samples
that can not be considered infinite in any dimension, field
penetration from all sides of the metallic sample should be
considered due to demagnetization effects. Therefore, instead
of only the term (tanh kc)/kc in Egs. 4 and 5, we consider a
sum over all three dimensions (z; in the following equations
runs on a, b and c) of analogous terms. In addition, by noticing
that tanh z = (sinh 2z + ¢ sin 2y)/(cosh 2z 4 cos 2y), where
z = x + iy, one can rewrite Eqs. 4 and 5 as:

Ao o[ Nm R
QW =T {1 ;A(xz)} A (Q0> =T ;B(m),
(6)
where
0 sinh(2x;/0) + sin(2x;/9)
Alwi) = 2x; cosh(2x;/0) + cos(2x;/9) M
.\ _ 0 sinh(2z;/0) — sin(2x;/6)
Bla:) = 2z; cosh(2x;/8) + cos(2z;/5)" ®

This allows one to fit the experimental A fq/ fo and A(1/Qo)
data above T, (see Fig. 1 (f))) fixing the geometrical factors I'
and I". It should be noted that both temperature dependences
of Afo/fo and A(1/Qq) are mainly due to the temperature
dependence of the resistivity.

Once I' and I are fixed, Eqs. 4 and 5 can be inverted to
yield the real and imaginary part of the propagation constant
Kk = a+1if over the whole measured temperature range. Then
it is possible to calculate the London penetration depth Az and
quasiparticle conductivity o,, [12]:

k=a+iB=1/1/\ +iwpgo, 9)

Specifically, Eq. 9 can be rewritten as:

(10)

arcta bY:
V/1/2] + w?pu2o? cos ( retan(wjioon L)) =a

2

t n A7
\/1/A} + w?pdo? sin <arc an(w;toa L)) =p b

that are solved numerically to yield A;, and o,,. Moreover these
two quantities are connected with the surface impedance of the
sample Z; by [8]

WAL

Zy=Ry+iX, = (12)

1+ twpoon A% )
Therefore one can use them to calculate the surface resistance
R, and reactance X ;. Typical results of the measurement are
shown in Fig. 1 (g) and (h) for the case of a CaKFe As,
single crystal.

C. Uncertainties

In this section, the uncertainty on the main measured
property (Ar) is evaluated. This depends on:

o uncertainty in the determination of fy; and )y by
Lorentzian fitting

e noise in the S5; measurement

« uncertainty in the determination of the temperature during
the frequency scan

« possible small differences in the CPWR properties due to
heating and cooling

« uncertainty in the determination of the crystal thickness

« uncertainty in the calibration (determination of the geo-
metrical factors)

The first four sources affect the value of Af/f and A(1/Q),
whereas the last two the value of I" and I in equations 4
and 5. Both then propagate to affect \;, through the real and
imaginary part of tanh(kc)/kc. Let us now discuss them one
by one for the typical measurement.

The Lorentzian fits are extremely reliable, with each fit
yielding a reduced chi-squared Y2 < 1, resulting in an
uncertain on the extracted values that is negligible if
compared to other sources.

The noise of the measurement can be estimated by the spread
of experimental data taken at the same temperature, and
results in a (negligible) relative variation of 2:107%% for fy
and 0.05% for Qo as shown in Fig. 2 (a)-(c).

The uncertainty on the temperature measurement (mainly due
to the time needed for the frequency scan) can be considered
to be 4+ 0.01K. No variations of the f,(T") and Qo(T") curves
were observed with measurements carried out in heating and
cooling mode with the same rate, as well as measurements
carried out with lower heating rates.

In order to perform the reference measurement without
the sample, the system is heated to room temperature and
subsequently cooled again. This might produce slight changes
in the CPWR properties (Fig. 2 (d)) that, however, have
a minor impact on the final data. The maximum spread
of A(1/Q) values is smaller than 10% and that of Af/f
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Fig. 2. Measurement (a) and distribution of the fy (b) and Qo (c) values of the
empty resonator taken at 6.10K & 0.02 K. The relative variation is 2:107%%
for fo and 0.05% for Qo. fo is the average value of fo. (d) Af/f and
A(1/Q) curves obtaind by repeated measurements (several days apart) of
the empty resonator that has been brought to room temperature between each
measurement. (¢) Modifications of Az, (T) produced by a 10% overestimation
and underestimation of the real and imaginary part of tanh(kc)/kc.

is smaller than 5% for measurements performed several
days apart and for which the system experienced a large
number of heating and cooling cycles, whereas the real
reference measurement is always done directly after the
measurement with the sample. Moreover, these modifications
are close to a rigid shift and can be effectively accounted
for during the determination of the geometrical factors in the
calibration procedure, yielding a rather small influence on the
absolute valute of Az, and not affecting at all its temperature
dependence.

The sample thickness is determined employing an optical
microscope and is accompanied by an uncertainty of about
0.5 pm, that can be the major source of uncertainty in the
case of particularly thin samples since it directly affects the
determination of the penetration depth (at low temperature
AL = c-[(A1/Q) + (2Af/f — T)2)/IL(T — 2Af/ ).
Finally, the uncertainty related to the calibration procedure
itself (and therefore on the geometrical factors) is usually
negligible due to the strong constraints given by the
temperature dependece of both Af/f and A(1/Q) (as visible
in Fig. 1 (f)).

As stated in the beginning of this section, all the above
mentioned sources of uncertainty affect the real and imaginary
part of tanh(kc)/kec. The propagation of all these uncertainty

contributions is almost straightforward: a & 10% uncertainty
in the determination of the real and imaginary part of
tanh(kc)/kc (independently on the source) propagates to
produce an uncertainty in the determination of A; absolute
value of +11%/-9%, whereas the temperature dependence of
Ar is affected in a negligible way (see Fig. 2 (e)). In the
end, by adding up all the above discussed contributions and
considering the way they propagate down to the determination
of the London penetration depth, we generally obtain an
uncertainty on Ay, between 5% and 10%.

III. CASE STUDIES

The CPWR technique presented in detail in the previous
section has been employed to investigate several IBSs. Here a
selection of results is presented in order to show the possibile
studies that can be carried out.

A. Anisotropic properties

We have recently shown that the CPWR technique allows
one to study the London penetration depth anisotropy through
the measurement of samples with different aspect ratios. In
fact, most IBSs show a layered structure, yielding to different
values of in-plane A\, and out-of-plane A.. The penetration
depth anisotropy v, = A./Aqp is relevant for application of
superconducting materials such as the production of coated
conductors for high magnetic field applications, since it repre-
sents the intrinsic anisotropy of the material without the effect
of vortex pinning [13]. Moreover, other techniques allow only
the measurement of the in-plane component of the penetration
depth, therefore it is useful to obtain this quantity to compare
results obtained with different approaches.

B. Technique comparison

In order to validate the technique, a comparative study on
CaKFe As, has been carried out [14] between the CPWR,
the tunnel diode resonator (TDR) [15] and the NV centers
in diamond magnetometry techniques [16]. As visible from
Fig. 3, a full characterization of the London penetration depth
was achieved with a remarkable agreement between the data
obtained with the three techniques as well as with literature
data from pSR experiments [17].

C. Materials characterization

The study of Ap(T) and 0,(T), especially if supported
by theoretical calculations, can be very effective in the in-
vestigation of the fundamental properties of superconductors
and their relation to different structural properties. In this
regard, a study was carried out [18] on the BaFesAs, (Ba-
122) family covering all possible typologies of substitution
to induce superconductivity: K for Ba, Co for Fe and P for
As. Through the analysis of the experimental data within a
three component Eliashberg model based on coupling provided
by antiferromagnetic spin fluctuations, it has been possible to
confirm the symmetry of the order parameter in these systems
as s1 without line nodes in the gap and to highlight the role
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of substitution within the superconducting FeAs planes in the
determination of the superconducting properties. A selection
of results for the different compounds is summarized in table
L

TABLE I
SUMMARY OF THE PROPERTIES CHARACTERIZED BY THE COMBINATION
OF EXPERIMENTAL DATA AND THEORETICAL MODEL FOR THE THREE
DIFFERENT DOPANTS OF THE BA-122 FAMILY. T IS THE EXPERIMENTAL
CRITICAL TEMPERATURE, A7"P(0) IS THE LOW-TEMPERATURE
PENETRATION DEPTH, o (T.) IS THE MICROWAVE CONDUCTIVITY AT T¢,
AND Af*(0) ARE THE LOW-TEMPERATURE VALUES OF THE GAPS.

dopant T.  A§P(0) a(Te) AR) AR AR0)
(K) (nm) Q@ tm=1  (meV) (meV) (meV)
K 38.7 197 1.95-108 12.0 54 -12.0
Co 242 165 0.47-106 7.2 -39 -7.8
P 29.0 160 1.13-108 3.8 10.8 -8.3

D. Effects of disorder

The fact that the CPWR technique is completely non-
destructive on the investigated samples makes it ideal for
investigating the effects of disorder on the superconducting
properties. Disorder can be introduced by ion irradiation in
different forms depending on the nature and energy of the
chosen ion: columnar, correlated and point-like defects. The
fact that samples are not damaged by the experimental tech-
nique is pivotal for repeated irradiation experiments needed
to achieve high total doses and to investigate step by step
the dependency on the amount of disorder. This approach
allowed us, also with the support of Eliashberg calculations,
to show that the weak rate of suppression of 7. with disorder
is not in disagreement with the s symmetry of the order
parameter and with the observed strong modifications to Ap,
[19]. Moreover, it has been possible to experimentally observe
the theoretically predicted [20] transition from the sy to the
S4+4 order parameter driven by disorder [21] (see Fig. 4). The

fact that the CPWR technique also gives access to o, and
Zs also proved valuable to identify novel signatures of this
transition [22], [23].
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Fig. 4. Experimental observation of the theoretically predicted increase of the
superfluid density at the s4 to s disorder-driven transition. The amount of
disorder in the sample is expressed in terms of displacement per atom (dpa)
as estimated by Monte Carlo codes PHITS [24] and SRIM [25].

IV. CONCLUSIONS

In summary, the CPWR technique is a powerful tool to
investigate the properties of superconducting materials with
intermediate 7.. It allows a complete characterization of
the critical temperature, London penetration depth, superfluid
density, quasiparticle conductivity and surface impedance. The
uncertainty of the measurement affects mostly the absolute
value of Ay, and in a typical case is smaller than 10%. Such a
large set of information can be combined to theoretical models
yielding a deeper understanding of the mechanism of super-
conductivity in novel materials. Moreover, the technique does
not damage the sample and is therefore particularly suitable
for investigating the effect of disorder on the superconducting
properties.
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