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Abstract
This article introduces magnetic field modulated microwave spectroscopy (MFMMS) as a
unique and high-sensitivity technique for use in the search for new superconductors. MFMMS
measures reflected microwave power as a function of temperature. The modulation induced by
the external ac magnetic field enables the use of phase locked detection with the consequent
sensitivity enhancement. The MFMMS signal across several prototypical structural, magnetic,
and electronic transitions is investigated. A literature review on microwave absorption across
superconducting transitions is included. We show that MFMMS can be used to detect
superconducting transitions selectively with very high sensitivity.
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1. Introduction

One of the most fundamental discoveries in condensed
matter physics in the last century was the appearance of
the superconducting state of matter [1]. Superconducting
materials exhibit zero electrical resistance and expel the
magnetic field (Meissner effect), when cooled down below
a critical temperature (Tc). The physical origin of the
transition from the normal to the superconducting state is
only partially understood. Conventional superconductivity,
which applies mainly to low temperature superconductors, can
be described microscopically by Bardeen-Cooper-Schrieffer
(BCS) theory [2]. However, the mechanisms behind high
temperature superconductivity [3] and the new emerging Fe-
based superconductors [4, 5] are still under debate.

Synthesizing novel superconductors has been an ongoing
challenge in the field since their discovery. As of today,

1 These authors contributed equally to this manuscript.

there is no fully accepted theory that can describe and
predict the superconductivity in a given material system
from basic physical quantities, such as crystallographic
and electronic structure. Therefore, most of the new
superconductors have been discovered through Edisonian-type
searches, using the intuition of experimental scientists. In
order to increase the chances of finding new superconducting
materials, a combinatorial search can be used [6]. This
method is based on the synthesis of inhomogeneous samples
consisting of several phases with different stoichiometries.
The use of a technique that can detect superconductivity
selectively and with very high sensitivity would enable
probing of all present phases in a sample at the same
time. Superconducting quantum interference device (SQUID)
magnetometers typically can detect a few micrograms of
superconducting materials; however, they are also sensitive
to all types of magnetic responses as well as contributions
from the sample environment. This can lead to data
misinterpretation and minor superconducting signals can be
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missed. Electrical transport measurements can only be done
in continuous samples since percolation of the supercurrent
is needed in order to obtain zero resistance. These kinds of
difficulties can be overcome with an alternative technique;
magnetic field modulated microwave spectroscopy (MFMMS)
which is based on the measurement of the field derivative of
the microwave absorption as a function of temperature.

Microwave absorption of a material drastically changes
when the material crosses a superconducting transition. This
has been measured on an extensive number of superconductors
in different forms (powders [7–16] and single crystals [17–
21]). However, a change in the microwave absorption
associated with other types of transitions could also be
possible. Since the search for ‘new superconducting materials’
involves a very broad range of temperature scans, the ability
to distinguish the superconducting from non-superconducting
transitions is crucial. This especially comes into prominence
when an ‘unknown’ material is investigated. In this review
we introduce MFMMS as a powerful technique in the search
for new superconductors. We highlight the main advantages
of MFMMS in terms of its sensitivity and selectivity when
combining with low field scans.

We first introduce a brief theoretical background of
microwave absorption in normal metals and superconductors.
In section 3, we review several experimental studies
on superconductivity by microwave absorption techniques.
We focus on the differences between three techniques:
cavity perturbation, direct absorption, and field-modulated
absorption. Section 4 is dedicated to the MFMMS setup, and
its signal interpretation. We show the MFMMS signal intensity
dependence on microwave power, dc magnetic field, and
modulation field following a demonstration of the sensitivity
of the technique. Section 5 shows the MFMMS signal across
different types of superconducting and non-superconducting
phase transitions. We discuss the selectivity of the MFMMS
technique in section 6. A possible route for searching for new
superconducting materials in combination with the MFMMS
technique will be given in section 7. Finally, we present our
conclusions and an outlook.

2. Microwave absorption: theory

In this section, we briefly describe the physical processes
behind microwave absorption in metals and superconductors.
We include some examples that illustrate the dependence of
the absorption mechanism across superconducting transitions.

2.1. Normal metals

The conductivity of a metal is defined as σ̃ = σ1 + iσ2 when
an oscillating electric field with a frequency ωmw is applied.
Here, σ1 and σ2 account for the carriers that can and cannot
move in phase with the applied field, respectively [13].

The surface impedance (Zs) represents the ratio between
the electric and magnetic field components along the surface of
the material (ε‖,mw and h‖,mw, respectively) and can be written
as

Zs ≡ ε‖,mw

h‖,mw
=

√
iµ0ωmw

σ1 − iσ2
= Rs + iXs, (1)

where Rs and Xs are the surface resistance and reactance,
respectively. ωmw is the microwave frequency and µ0 is the
magnetic permeability of vacuum.

Due to the high density of free carriers, metals tend to
shield most of their volume from electromagnetic radiation.
The electromagnetic waves extend into a conductor with a
characteristic distance. This length is defined as the skin depth
(δ) for metals and penetration depth (λ) for superconductors.
In metals, the local limit is reached when the mean-free-path
of the carriers is smaller than δ. At microwave frequencies,
the local limit implies σ1 � σ2. In this limit the Rs and Xs are
equal for normal metals and can be expressed as

Rs (T , ωmw) = Xs (T , ωmw) =
√

µ0ωmw

2σ1
. (2)

The penetration depth of microwaves is defined for non-
magnetic metals [17],

δ =
√

2

µ0ωmwσ1
, (3)

and can be generalized to magnetic metals as

δm =
√

1

µ(h, T )ωmwσ(h, T )
, (4)

where σ(h, T ) is the field and temperature dependent complex
conductivity and µ (h, T ) is the magnetic permeability of the
material [17, 22].

In general, the absorbed electromagnetic power (P) can
be expressed in terms of the surface resistance as

P = 1

2

∫ ∫
Rs (T , ω) h2

mw dA, (5)

where dA is a differential area perpendicular to the surface of
the material and hmw is the magnetic field component of the
electromagnetic wave.

2.2. Superconductors

In the case of superconductors, there are three main
dissipation mechanisms: dissipation due to the non-
superconducting electrons, pair braking due to transitions
across the superconducting band gap (�), and vortex
motion. Therefore, the surface resistance and reactance of
a superconducting material is expected to be affected by all
these three mechanisms. The contribution from each of these
mechanisms will be discussed further in the manuscript. At
high temperatures and very low fields the most important
contribution comes from the non-superconducting electrons
since the microwave frequency has an energy smaller than
the gap and at low fields little or no flux motion is expected.
The surface resistance and reactance of superconductors due to
the non-superconducting electrons can be approximated in the
local limit (λ � ξ where ξ is the coherence length) in which
σ2 � σ1, and thus Rs and Xs are given by [17]

Rs = 1

2
µ2

0ω
2
mwλ3σ1,

Xs = µ0ωmwλ. (6)
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Figure 1. Sketch of the surface resistance ratio (R/Rn) as a function
of reduced temperature (T/Tc) for several frequencies ranging from
dc (curve (a)) to infrared (curve (d)) for a superconducting
transition. Reprinted with permission from [11]. Copyright 1958 by
the American Physical Society.

Figure 2. Excess microwave absorption in aluminum
(Tc = 1.175 K) due to transitions across the gap for different
frequencies expressed in terms of kTc (kTc ∼ 24.475 GHz).
Adapted with permission from [23]. Copyright 1957 by the
American Physical Society.

The decrease of surface resistance for superconductors was
first measured by London [23], and then by Pippard, a few
years later [24, 25]. Figure 1 shows the surface resistance
ratio, r ≡ R/Rn, (where R and Rn refers to surface
resistance below and just above the superconducting transition,
respectively) as a function of reduced temperature across the
transition. The surface resistance has a maximum decrease
at zero-frequency (figure 1, line (a)), while there is almost
no change at infrared frequencies (figure 1, line (d)). This
frequency-dependent behavior was interpreted as an indication
of the existence of a superconducting gap [11] and confirmed
across the superconducting transition of aluminum [23]. In
figure 2, microwave absorption due to the dissipation from non-
superconducting electrons (equation (6)) has been subtracted
from the total microwave absorption in order to illustrate the

Figure 3. Simplified sketch of the surface resistance (Rs) of a type
II superconductor as a function of the external magnetic field.
Reprinted from [17] with kind permission from Springer Science
and Business Media. Copyright 1999 Springer.

contribution of pair breaking effects. The response for different
wavelengths ranging from 30.10 to 74.40 GHz indicates the
frequency dependence. Pair breaking effects are negligible at
temperatures below the onset of r [9, 23]. The estimated value
of the superconducting band gap as a function of temperature
agrees with BCS theory.

In type II superconductors, the existence of vortices
and vortex movement contributes as an additional source for
dissipation of electromagnetic energy. Depending on the
magnetic field, temperature, and pinning strength, it is possible
to identify three different regions (figure 3, [17]): Below the
first critical field (hc1) the material is in the Meissner state and
the surface resistance can be described by equation (6). Within
this region, the absorption increases with the applied field and
can be expressed as a function of λ. At fields higher than hc1,
the magnetic flux lines penetrate into the superconductor and
vortices are created. The irreversibility field (hir) determines
when the vortices unpin and start moving. Above hir , the
absorption loses its initial nonlinear increase becoming linear
in the vortex fluid region.

The effects of vortex pinning and flux creep on the surface
impedance of a material as a function of the frequency, dc field
and temperature are described in [24]. Figure 4 shows the
surface resistance as a function of reduced temperature at a
frequency of 10 GHz for (a) no applied field, (b) applied field
above hc1 but below the irreversibility field and (c) at a high
enough field to create flux creep, including thermally activated
flux flow. This shows that vortices produce an increase in the
surface resistance, even if vortex movement is not present.

3. Microwave absorption: experiments

In microwave absorption experiments the instrumental setup
defines the physical parameters that can be studied. For
example, cavity resonators allow higher sensitivity and better
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Figure 4. Calculated surface resistance (in ohms) as a function of
the reduced temperature (t ≡ T/Tc) at 10 GHz (a) hdc = 0,
(b) hc1 < hdc < hir and (c) vortices with flux creep and thermally
activated flux flow included. Please note that the logarithmic scale is
in Rs. Reprinted with permission from [24]. Copyright 1991 by the
American Physical Society.

control of the electromagnetic field distribution, while coplanar
waveguides allow continuous change of the frequency. In this
review, we consider the microwave absorption experiments
performed in cavity resonators.

Depending on the amount of output power required, either
vacuum tube systems (i.e. klystron) or solid-state devices (i.e.
Gunn diodes) are used as microwave sources. The microwave
source is connected to the cavity through a waveguide. A
Schottky diode (silicon or gallium arsenide) is used to detect
the reflected microwaves. The microwave power can typically
be varied from 0.01 to 200 mW using a variable attenuator.

The instruments can be designed to record either the
relative change of the resonance frequency and quality factor
(�f/f0 and �Q/Q0) with respect to the empty cavity or just
the reflected intensity.

3.1. General cavity setup

When a sample is placed inside a microwave cavity resonator, it
is exposed to a standing electromagnetic wave. If the sample is
small enough, the field distribution can be considered uniform.
A cavity resonator can be described by its quality factor (Q),
which is inversely proportional to the energy dissipated within
the cavity. Typical cavities which have quality factors of
around 104 are made of oxygen-free copper. In order to
increase the sensitivity of the measurements, superconducting
(Nb coated) cavities or shielded dielectric resonators (sapphire,
TiO2) are commonly used [25, 26]. These setups do not allow
frequency-dependent measurements since cavities resonate at
specific frequencies.

We classify cavity-based techniques according to the
physical parameters measured: resonance frequency and
quality factor (section 3.1.1), direct microwave absorption
(section 3.1.2) and field derivative of the microwave absorption
(section 3.1.3). Figure 5 sketches the signal as a function
of temperature when a superconducting sample is measured
across Tc at frequencies �ω � �.

3.1.1. Cavity perturbation method. The cavity perturbation
method correlates the changes in the quality factor Q and

Figure 5. Sketch of the measured signal as a function of
temperature across the superconducting transition at frequencies
(�ωmw) lower than the superconducting gap energy (�). Each image
represents a different experimental method: (a) Surface resistance,
Rs, and surface inductance, Xs, obtained from cavity perturbation
methods, (b) measurement of the direct absorption, P , and
(c) field-derivative of the absorbed power.

resonance frequency f (relative to the empty cavity, Q0 and
f0) to the surface impedance under certain approximations.
It requires deconvoluting the effects arising from the cavity
and temperature fluctuations and measuring changes between
Rn ∼ 10−5 to 10−9 ohms [27]. The resonators used in
these setups are made of dielectric materials (such as sapphire
[25, 28] or TiO2 [26]) coated with oxygen-free copper or
superconductors. Their characteristic quality factors are on
the order of ∼106 [29–31].

This method has been used to obtain the ac conductivity at
microwave frequencies. Surface impedance measurements as
a function of temperature contain information on the electronic
structure of quasiparticles and they can provide evidence
for characteristics related to unconventional superconductivity
such as gap nodes, strong anisotropy, and multiband-
energy gaps [32, 33]. Other studies reviewed the theory
[34], experimental setups [35] and applications [36]. A
generalization that accounts for different electromagnetic
modes and sample geometries was also reported [37]. The
results of the study of high temperature superconductors by
cavity perturbation method was summarized in [13].

3.1.2. Direct microwave power absorption. The setups for
direct microwave power absorption are similar to electron
paramagnetic resonance (EPR) spectrometers with typical
frequencies between 10 and 35 GHz. After the discovery of
high Tc superconductors, these measurements were used to
probe the vortex state using a rather modest external magnetic
field (∼10 Oe) [14]. A typical curve of type II superconductors
in the direct power absorption mode is depicted in figure 5(b)
where a rapid reduction of the signal at the transition is shown.
A correlation of the microwave absorption with the grain size
of the powders was found, and a similar relationship was
measured by magnetic susceptibility [10, 12, 14, 15, 38]. A
different approach for direct microwave power absorption has
been shown using a reference EPR signal [39].

3.1.3. Field-derivative of the microwave power absorption.
This technique is similar to the direct microwave absorption,
but during the measurement a modulated external magnetic
field is applied. The modulation field has a typical frequency
of 100 KHz and amplitude ranging from 0.1 to 50 Oe. The
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Figure 6. Correspondence between the local maxima of the field-modulated microwave absorption and the successive flux penetration as a
function of temperature for a granular YBa2Cu3O7−d ceramic sample. φ0 corresponds to quantum flux, S is the effective surface area of the
Josephson loops and B represents the external magnetic field. Bc1 (0) = 23 mT is used. Reprinted from [40] with kind permission from
Springer Science and Business Media. Copyright 1991 Springer.

Figure 7. (a) Field-derivative of the microwave absorption as a function of the magnetic field for two different temperatures below Tc on a
GdBa2Cu3O9−y sample. (b) Signal intensity (peak-to-peak) at different temperatures (left axis) and dc resistance (right axis). Reprinted
with permission from [45]. Copyright 1987 IOP Publishing Ltd.

modulated output signal increases the sensitivity and enables
phase sensitive detection.

Field-modulated microwave absorption data can be
acquired as a function of the external magnetic field or
temperature. These two methods give complementary
information about the dissipation processes. A relationship
between these two measurements was shown in the case of
granular YBa2Cu3O7−d samples [40] (see figure 6). In this
case the temperature sweep presents a series of maxima, which
correspond to fluxons entering the superconducting material
and causing an oscillation of the absorbed power.

3.1.3.1. Field sweep. A significant nonlinear hysteresis can
be observed in the field sweep mode [41–43]. The modulation
of the vortex density in the superconducting state explains the
overall behavior of the signal while the modulation of their
depinning is responsible for the hysteresis [43, 44].

Magnetic field modulated setup was used to measure the
microwave absorption as a function of the external field at
various temperatures for GdBa2Cu3O9−y (figure 7(a)). A
hysteretic behavior is observed when the external magnetic

field is swept. Figure 7(b) shows the signal intensity variation
as a function of temperature. The interpolation of the intensity
to zero is close to the critical temperature determined by
transport measurements.

The non-resonant absorption measurements at low
magnetic field were mostly devoted to the understanding of the
hysteresis mechanism and the role of the granularity of the new
high temperature superconductors [41,46–49]. The main loss
mechanisms are usually explained in terms of weakly coupled
superconducting domains, i.e. grains in ceramics and twins in
single crystals [50–52]. Magnetic fields far below the critical
field penetrate across the weak links and give rise to microwave
absorption [53]. This method is currently used to study the
intergranular and intragranular pinning effects [54, 55].

3.1.3.2. Temperature sweep The measurement of the
field derivative of the microwave absorption as a function
of temperature can be found in the literature under several
names [40, 56, 57]. However, most of these techniques just
differ in minor details, i.e. magnetically modulated microwave
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Table 1. Compilation of references where the modulated microwave
absorption on temperature sweep mode has been employed to find
superconducting materials.

Material Form References

YBa2Cu3O7−x Single crystal [60,78–83]
κ − (ET − ds)2Cu(NCS)2 Crystal [84–86]
κ − (ET)2Cu[N(CN)2]Br Crystal [84–86]
κ − (BED − TTF)2 Cu(NCS)2 Crystal [68]
Sm2−xCexCuO4−δ Single crystal [87]
PrxGd1−xBa2Cu3O7 Thin films [61]
PbBi2Sr2Ca2Cu3Oy Powders [8]
YxNiB1−xCy Thin films [62]
KxC60 Films and bulk [77]
Tl2Ba2CaCu2O8 Single crystal [88]
Bi2Sr2CaCu2O8 Single crystal [88]
La2C3 and La-β Powders [6]

absorption (MMMA) and MFMMS can be considered the same
technique.

The temperature dependence of the field-modulated ab-
sorption can be measured in terms of either transmitted [58]
or reflected powers [10, 12, 30, 59]. Here, we mainly con-
sider measurements of the reflected microwave power while
the sample is subject to a modulation field [59]. This pro-
duces a peak-like signal across a superconducting transition
(figure 5(c)), allowing for an unambiguous detection of super-
conducting phases [59–62]. Although the exact quantitative
interpretation of the signal is still under investigation, these
measurements can be used to identify minute superconducting
phases in a fast, sensitive and reliable way.

The signal can be understood in a more intuitive way
if we consider that, close to the transition temperature,
the modulated field drives the material in and out of the
superconducting state and produces a strong increase of the
absorption signal. Figure 8 shows the relationship between
the field and temperature sweep in a superconductor [59, 63].

Modulated microwave absorption on temperature sweep
mode has been used to measure twin boundaries in high-
Tc superconductors [49, 64], Bi2Sr2CaCu2O whiskers [65],
powder and bulk MgB2 [66, 67], organic superconductors
[68], and more recently, ternary borides Mo2Re3B and
Mo3Re2B [69]. Correlation of the MFMMS signal with the dc
magnetization [70] and comparison with the direct absorption
technique (no modulation) was addressed for YBa2Cu3O7−x

[71, 72]. Similar approaches have been used in other systems
like PbBi2Sr2Ca2Cu3Oy [8]. More recently strong vortex
pinning was found in SmO1−xFxFeAs [55]. Studies on the
MFMMS signal noise and corrections to the measured critical
fields of YBa2Cu3O7−x can be found in [73, 74]. Type I
superconductors were also studied by this technique, i.e. lead
[75], mercury [76], tin and indium [53]. Comparison of type I
and high Tc superconductors implies that the main absorption
mechanisms in high Tc superconductors are due to vortex
motion and the nucleation of vortices at the surface of the
material [53].

Several superconductors have been discovered using mi-
crowave absorption techniques, i.e. potassium-doped
fullerenes with a Tc of 18 K [77]. The combination of phase
spread alloy growth methods and MMMA was proposed to

Figure 8. Magnetically modulated microwave spectroscopy as a
consequence of the field derivative of the surface resistance Rs (R
on the graph). The electron spin resonance (ESR) signal, labeled
‘ESR signal’ in the original report, produces a peak when Rs

changes as a function of field in a way similar to the dc resistance.
The signal is composed of several Rs(T ) curves for different fields
across hc2. Reprinted with permission from [63]. Copyright 1991
by the American Physical Society.

Figure 9. Normalized resistivity and field-modulated microwave
absorption signal as a function of temperature for a
PrxGd1−xBaCu3O7 film with 5% Pr. The superconductivity onset
temperatures corresponding to the two techniques are indicated.
Reprinted with permission from [61]. Copyright 1995 AIP
Publishing LLC.

search for new superconducting materials [61]. Using this
approach superconductivity was found in La2C3−x [6]. The
relationship between the superconducting transition tempera-
ture of PrxGd1−xBaCu3O7 estimated from microwave and dc
transport measurements is shown in figure 9 [62]. Table 1 lists
some of the works that have employed this technique in the
search for new superconductors.

3.1.4. Other remarks. The measurement of MFMMS across
non-superconducting phase transitions is scarce. MMA
measurements were used to compare different types of
superconductors to magnetic materials [89]. It was observed

6



Rep. Prog. Phys. 77 (2014) 093902 Report on Progress

Figure 10. (a) Sketch of the MFMMS setup. (b) and (c) represent density plots of the magnetic field distribution inside the cavity resonator.
Red and blue colors correspond to maximum and minimum intensities, respectively. Black arrows depict the magnetic field direction in a
single period of the microwave signal. By changing from 9.6 GHz (b) to 9.4 GHz mode (c), the magnetic field component of the
electromagnetic wave can be adjusted to be parallel or perpendicular to the external field. The values of the resonance frequencies refer to an
empty cavity at room temperature with a constant flow of nitrogen. Plots were obtained by finite element analysis using COMSOL
Multiphysics.

that the superconductors and materials exhibiting a strong
change in the magnetoresistance [90] produce a similar
derivative signal when the magnetic field is swept. However, it
was shown that the hysteresis of the low-field absorption signal
can be used to differentiate superconducting transitions from
magnetic transitions [91–93]. A comprehensive comparison
of temperature sweep signals for various types of phase
transitions has not been reported.

In the following sections, we address the field derivative
microwave absorption signal in the temperature sweep mode
in more detail. The influence of the experimental parameters
(external field, modulation field and microwave power) on
microwave signal will be shown using known superconducting
materials. Further details of the techniques described above
can be found in [94] and references therein.

4. MFMMS technique and setup

4.1. Setup

MFMMS uses a customized X-band EPR apparatus. It
includes a microwave circuit, a phase sensitive detector,
an electromagnet, a cavity resonator, and a flow cryostat.
The cryostat allows sweeping of the sample temperature
between 3.8 and 300 K (see figure 10(a)). The dual-
mode cavity can be used to produce two resonances at
9.4 and 9.6 GHz that correspond to modes where the

magnetic field is perpendicular (TE012 mode, figure 10(c))
or parallel (TE102 mode, figure 10(b)) to ẑ, respectively. An
automatic frequency controller (AFC) continuously adjusts the
microwave frequency to the resonance frequency of the cavity.
The sample is placed at the center of the cavity where εmw

is minimum and hmw is maximum. In addition to hmw, the
sample is exposed to an external dc (hdc), and an ac (hac)

magnetic field. The microwave field is used to probe the sample
as the temperature is swept; hdc + hac are used to enhance
the absorption, reduce the background noise and increase the
sensitivity. hac produces a modulation of the reflected power
P at a frequency of ωac.

4.2. MFMMS signal

System calibration was performed using superconducting Nb
thin films grown on sapphire either by molecular beam epitaxy
(MBE) or rf sputtering. MBE films were grown in a system
with base pressure of 10−10 Torr. The sample thickness
obtained by x-ray reflectometry was 150 nm. Rf-sputtered
samples were grown from a Nb target in a vacuum chamber
with a base pressure of 10−7 Torr. The deposition was
performed at 4 mTorr Ar and 100 W rf power. The thickness
of sputtered samples was 100 nm. Sapphire substrates were
chosen because of their low microwave absorption and high
thermal conductivity. In our standard configuration, the size
of the samples can be up to 3 × 4 mm2 area.

7
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Figure 11. (a) MFMMS signal as a function of temperature for a Nb
thin film with an applied dc magnetic field of 500 Oe parallel to the
surface of the sample. The peak temperature Tp, transition
temperature Tc and transition width �T are shown. The temperature
is swept from 11 to 5 K. The resistance (b) and magnetic
measurements (c) are shown as a function of temperature for the
same sample at the same magnetic field. Arrows in (c) indicate the
temperature sweep direction (ZFC and FC respectively). The
sample dimensions are 150 nm thick and 2 × 2 mm2 surface area
(6 × 10−7 cm3) of Nb.

MFMMS results for superconducting Nb films are shown
in figure 11(a). For comparison, we also include a
standard four-probe resistance (figure 11(b)) and zero field
cooled (ZFC) and field cooled (FC) SQUID magnetometry
measurements for the same sample (figure 11(c)). In all
cases a 500 Oe magnetic field was applied parallel to the
sample surface. MFMMS measurements were done using the
dual-mode cavity with the microwave magnetic field parallel
to the modulation and external dc magnetic fields. The
temperature was swept from 11 to 5 K at a constant rate
of 3 K min−1. The superconducting transition temperature
(T µ

c = 9.1 K) obtained from MFMMS coincides with the other
two measurement techniques. The transition width from the
MFMMS measurement (�T ) was 0.5 K.

Although the exact shape, symmetry, and amplitudes
can vary, the superconducting transition produces a peak-like
MFMMS signal. The transition temperature determined by the

Figure 12. (a) MFMMS signal as a function of temperature
obtained for different applied microwave powers for 150 nm thick
Nb film. The curves are shifted vertically for clarity. (b) Transition
temperature (T µ

c ) and (c) maximum absorption (Smax−Sn) extracted
from MFMMS curves as a function of applied microwave power.

MFMMS measurement (T µ
c ) is the onset of the drastic change.

The main characteristics of the signal for small dc fields can be
seen as follows. The signal is in the noise floor for temperatures
above Tc and increases abruptly at the Tc. The signal reaches a
maximum at a certain temperature (Tp) and decreases back to
the noise level measured above Tc. Other important parameters
are the full width at half maximum of the peak (�T ) and the
maximum MFMMS signal intensity (Smax) with respect to the
MFMMS signal in the normal state (Sn), i.e. just above Tc.

4.2.1. Microwave power dependence. The dependence of
the MFMMS signal on applied microwave power is shown
in figure 12(a) for the same 150 nm thick Nb film. The
external magnetic field was 15 Oe. If there is no background,
the MFMMS signal in normal state is independent of the
applied microwave power. Increasing the microwave power
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Figure 13. (a) MFMMS signal as a function of temperature for a
150 nm Nb Film at various dc applied magnetic fields, hdc.
(b) Transition temperature T µ

c extracted from (a) (open squares)
compared to the transition temperature extracted from resistance
measurements (inverted open triangle). The line corresponds to a
non-linear fit of the T µ

c values of equation (7) (see text), which gives
Tc = 9.22 K and hc2 = 1.7 kOe. (c) Smax−Sn as a function of the
magnetic field.

suppresses the transition to lower temperatures (figure 12(b))
while increasing the peak intensity (Smax − Sn, figure 12(c)).
The decrease in T

µ
c is attributed to heating of the sample

produced by the microwave power. The transition temperature
changes from 9.2 to 8.7 K as the microwave power varies from
0.002 to 20 mW.

Another superconducting system, ErRh4B4, was mea-
sured to check the microwave power dependence (not shown)
in metallic bulk samples rather than thin films. No changes
in T

µ
c as a function of microwave power up to 20 mW were

detected. This might be related to the fact that microwaves
only affect the surface of the bulk samples and induced heat
can be neglected. In order to maximize the signal to noise ratio
(SNR), we employed 1 mW as a standard microwave power in
all measurements (unless otherwise specified).

4.2.2. DC magnetic field dependence. Selected MFMMS
curves measured in dc magnetic fields between 15 Oe and
9.5 kOe are shown in figure 13(a). The superconducting
transition temperature decreases from 9.2 to 6 K with
increasing magnetic field (hdc) as shown in figure 13(b) (open

squares). Note the logarithmic scale in the horizontal axis.
For applied fields below 500 Oe there is no significant change
in the transition temperature. Above 500 Oe, T

µ
c decreases

and reaches 6 K at 9.5 kOe in good agreement with T R
c

obtained from resistance measurements (inverted triangles on
figure 13(b)). The field dependence of the critical temperature
is given by

Tc (hdc) = T 0
c

√
1 − hdc

hc2
, (7)

where T 0
c corresponds to the transition temperature at zero

magnetic field. Figure 13(b) shows a fit to equation (7)
as indicated by the solid line. The critical temperature
and magnetic field values are obtained as 9.2 K and 1.7 T,
respectively. The results obtained from MFMMS are in good
agreement with resistance and SQUID measurements and
follow the expected behavior [95].

The maximum MFMMS signal intensity relative to the
normal state (Smax − Sn) as a function of the applied magnetic
field is shown in figure 13(c). The signal remains constant up
to 200 Oe, followed by an increase for fields up to 3 kOe. At
higher fields, Smax −Sn decreases, reaching values close to the
background level at 9.5 kOe. It is important to mention that
for fields larger than 8 kOe, the MFMMS signal shows a wider
peak, which complicates the estimate of T

µ
c . The behavior

of Smax − Sn as a function of dc magnetic field varies from
system to system. In order to make sure the superconductor is
not suppressed by the external magnetic field, we only apply
a very small field (15 Oe) when investigating potentially new
superconducting materials.

4.2.3. Modulation field dependence. The dependence of the
the MFMMS signal with the modulation field was investigated
using 15 Oe external field and 1 mW microwave power. The
same 150 nm thick Nb sample was measured by varying
hac between 5 and 15 Oe. As a result, the total applied
field (hdc + hac) was always positive to avoid field-dependent
hysteretic effects [59]. The results are shown in figure 14(a)
where the curves have been vertically shifted for clarity.
The background level was the same for all the curves.
T

µ
c is independent from the modulation field up to 15 Oe

(figure 14(b)). Figure 14(c) shows thatSmax−Sn is proportional
to hac as indicated by the linear fit. The peak width is also
constant as a function of the modulation fields.

4.3. MFMMS sensitivity

In order to determine the sensitivity of the MFMMS technique,
we used 100 nm thick Nb films patterned with standard
lithographic techniques to vary the total superconducting
volume. A set of test samples between 10−7 and 10−12 cm3

of Nb were prepared using electron beam lithography. The
samples were also compared to an unpatterned Nb film
grown under the same conditions. In all measurements, the
microwave power was kept at 1 mW and applied magnetic field
at 15 Oe with 15 Oe modulation.

Figure 15(a) shows the MFMMS signal as a function of
temperature for the continuous sample. The film shows a sharp
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Figure 14. (a) MFMMS signal for a 150 nm Nb film at several
modulation amplitudes, hac. (b) T µ

c and (c) Smax − Sn as a function
of the modulation field parallel to the sample surface.

transition close to 7.75 K, with a maximum microwave signal
at 7.5 K. The difference in sharpness of the peak compared to
the MBE-grown Nb film (figure 11(a)) is related to the growth
process, i.e. impurity level or crystallinity [59]. Figure 15(b)
shows SQUID magnetometer measurements from the same
sample. The critical temperatures determined by both methods
are in good agreement.

Figure 15(c) shows the MFMMS signal for the patterned
sample (100 nm × 10 µm × 10 µm), with a total volume of
10−11 cm3 of Nb. Inset on figure 15(c) shows the optical
image of patterned Nb. A clear superconducting transition
peak appears well above the noise level. Considering the
SNR (SNR = 10) of the MFMMS measurement, the obtained
sensitivity is 10−12 cm3. The T

µ
c extracted from the MFMMS

data is around 6.8 K, significantly lower than that of the
continuous film. The corresponding ZFC-FC measurements
for the same sample show no evidence of superconductivity
(figure 15(d)) due to the volume of superconducting material
being within the sensitivity limit of SQUID magnetometers.
However, the diamagnetic signal from the substrate is larger
than the signal from Nb. This direct comparison highlights
the advantage of MFMMS over SQUID magnetometry for
the detection of a small amount of superconducting material
in the presence of a paramagnetic/diamagnetic background
signal.

5. Comparison of MFMMS signal across
superconducting and non-superconducting phase
transitions

We measured more than 200 samples undergoing several
prototypical phase transitions to investigate the selectivity
of MFMMS. This includes superconducting (elements,
borocarbides, borides, pnictides, and cuprates) metal–
insulator, paramagnetic–ferromagnetic, and paramagnetic–
antiferromagnetic transitions. A short summary of the samples
and their properties is presented in table 2. Measurements
of non-superconducting phase transitions will be discussed in
section 5.2.

5.1. MFMMS across superconducting transitions

In this section we show the MFMMS measurements of
ErRh4B4 and MgB2 as examples in order to demonstrate
that the results obtained from Nb are applicable to other
superconductors.

5.1.1. ErRh4B4. ErRh4B4 is an example of a reentrant
superconductor [99]. The first superconducting transition
occurs at 8.7 K followed by a ferromagnetic transition and
reentrance to superconducting state at Tc2 = 0.9 K. The
ferromagnetic transition suppresses superconductivity due
to reordering of Er local moments. The coexistence of
the two phases around Tc2 has been proven by neutrons
[100–102], scanning tunneling microscope (STM) [102],
and susceptibility measurements [101]. Surface impedance
measurements of single crystal ErRh4B4 show anomalous
effects close to Tc2 due to spin fluctuations [103] and in general,
similar anomalies are present in magnetic superconductors
[104, 105].

MFMMS signal of an ErRh4B4 single crystal with 15 Oe
applied field is shown in figure 16(a) with T

µ
c = 7.7 K. The

general shape of MFMMS signals is similar to sputtered Nb
films. The behavior of T

µ
c as a function of different applied

magnetic fields is plotted in figure 16(b). The transition
temperature decreases with increasing applied field. The solid
line corresponds to a fit to equation (7). The Tc (7.82 K)
and hc2 (8.6 kOe) extracted from the fit are in agreement with
earlier reports [106–108]. Figure 16(c) depicts the maximum
MFMMS signal relative to the normal state as a function of
the applied magnetic field. This data extracted from each
MFMMS scans at different fields. A drastic increase in
the MFMMS signal is found close to the 800 Oe applied
field.

5.1.2. MgB2. Superconductivity in MgB2 at 39 K [109]
shows two superconducting gaps with similar properties
to phonon-mediated type II superconductors. Microwave
absorption measurements have been used in the past to measure
the penetration depth and surface impedance dependencies as a
function of temperature [110]. Polycrystalline MgB2 and high-
Tc superconductivity materials were compared using similar
techniques [111]. The power absorption was mainly attributed
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Figure 15. (a) MFMMS signal for a 100 nm thick Nb continuous film and the corresponding magnetization measurement (b). Blue
triangles and circles indicate ZFC and FC curves, respectively. (c) MFMMS signal for a 10 × 10 µm2 patterned Nb sample with the same
thickness. Inset shows an optical microscope image of the Nb square (white). (d) The corresponding magnetization measurement for the
patterned sample. SQUID signal is in the noise level and there is no separation between ZFC-FC branches.

Table 2. List of various phase transitions studied by MFMMS.

Sample Type Form Transition T µ
c /TN/Tcurie (K)

Nb (MBE) Element Thin film SC 9.4
Nb (Sputtered) Element Thin film SC 8.8
Nb (Patterned) Element Thin film SC 7.6
MgB2 Boride Powder SC 36.7
ErRh4B4 Boride Single crystal [96] SC 8.7
FeTe0.65Se0.35 Pnictide Single crystal [97] SC 14
YBa2Cu3O7−x Cuprate Powder/film [60] SC 89
Bi2Sr2CuO8+x Cuprate Single crystal SC 90
PrxGd1−xBa2Cu3O7 Cuprate Thin films [61] SC 78
GdBa2Cu3O9−y Cuprate Powder SC 90
Mo–Sr–Eu–Cu–O Cuprate Singlecrystal SC 33
La2C3−x Carbide Powder [6] SC 6–8
MnO — Powder AF-MIT 120
FeCl2 — Powder AFa 20
FeF2 — Powder AF 80
Dy — Pellet F, AF 85,179
PrSi2 — Bulk [98] F ∼10
Gd — Pellet F 290
NiS — Powder AF-MIT 260
V2O3 — Powder AF-MIT 150

a Metamagnetic transition. AF-MIT: antiferromagnetic transition coupled to a
metal–insulator transition. F: ferromagnetic transition. SC: superconducting transition.

to coupled Josephson junctions with large effective penetration
depth. The decrease in grain size causes an increase in surface
resistance.

Figure 16(d) shows the MFMMS signal of MgB2 with
15 Oe applied magnetic field. The transition temperature T

µ
c

and the maximum signal relative to the normal state (Smax−Sn)
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Figure 16. MFMMS measurement for single crystal ErRh4B4 (a) and stoichiometric powders of MgB2 (d). Obtained T µ
c at different dc

magnetic fields for ErRh4B4 (b) and MgB2 (e). The red solid line in both figures is fit to equation (7). Maximum MFMMS signal intensity
at each magnetic field for ErRh4B4 (c) and MgB2 (f ). Note the logarithmic scale on the horizontal axis in (b), (c), (e) and (f ).

are plotted as a function of magnetic field in figures 16(e) and
(f ), respectively. The Tc (36 K) and hc2 (40 kOe) extracted
from the fit to equation (7) are in agreement with earlier
reports [112, 113].

The relative change of MFMMS signal as a function
of applied magnetic field for ErRh4B4 and MgB2 seems to
show opposite trends. The superconducting properties for
each particular material need to be considered to explain this
magnetic field dependence. In fact, the MFMMS signal should
be suppressed for applied magnetic fields more than the critical
field hc2. For fields below hc2, this behavior is governed by
the specific superconducting properties of each material.

5.2. MFMMS across non-superconducting transitions

5.2.1. Antiferromagnetic–paramagnetic. The magnetic sus-
ceptibility considerably increases for a typical antiferromag-
netic (AF) transition at the Neél temperature TN [114]. This
suggests that the microwave absorption should vary non-
linearly [17] and produces a non-zero MFMMS signal. We
investigate MnO, a well-known antiferromagnet (TN = 116 K)
[115], to study MFMMS response for antiferromagnetic tran-
sition (figure 17(a)). The measurement was recorded with
100 Oe dc magnetic field, 15 Oe ac field amplitude and 1 mW

microwave power. MFMMS signal increases below 200 K and
reaches a maximum at 140 K. A decrease of almost 80% of the
signal occurs between 140 and 120 K and following a plateau
that extends to 5 K (shown only down to 50 K). The MFMMS
signal is larger in the paramagnetic state than below the mag-
netic ordering temperature (TN). No sharp peak-like behavior
was observed at any temperature. For comparison, magne-
tization as a function of temperature from a SQUID magne-
tometer is included in figure 17(b). The change in the magne-
tization associated with antiferromagnetic transition obtained
from SQUID is in agreement with MFMMS.

This behavior can be explained considering that non-
linear changes in the magnetic moments (or in the magnetic
permeability) in MnO induce a non-monotonic behavior of
the surface resistance, giving rise to the change in MFMMS
signal. It is important to note that we also investigate the
antiferromagnetic transition in V2O3 (shown in section 5.2.3),
as another example. There is no significant change in
MFMMS signal for V2O3 across the antiferromagnetic
transition. This indicates the complex nature of dependence of
microwave absorption across non-superconducting transitions
and suggests evaluating each individual case rather than
generalizing.

12



Rep. Prog. Phys. 77 (2014) 093902 Report on Progress

Figure 17. (a) MFMMS signal across antiferromagnetic transition
of MnO powders at hdc = 15 Oe. (b) Magnetization as a function of
temperature at hdc = 15 Oe. The temperature is swept from 50 to
200 K in both measurements.

5.2.2. Ferromagnetic–paramagnetic. Similarly, it is
expected that the ferromagnetic (FM) transitions produce
MFMMS signals. Microwave absorption, in particular the
shape of the MFMMS signal, is not correlated only with
changes in the magnetic moments or magnetic permeability.
Magnetoresistive effects need to be considered in order to
understand MFMMS from ferromagnets [116]. In this section,
we examine two prototypical examples of ferromagnetic
transitions in Gd and PrSi2.

5.2.2.1. Gadolinium. The magnetic properties of Gd have
been widely studied. Gd has the highest magnetic ordering
temperature among the rare earth elements (TCurie = 294 K)
[117]. The magnetic ordering involves changes in the
resistivity ρ (T ) and magnetic permeability µ (T ).

The MFMMS measurement is presented in figure 18(a).
The MFMMS signal deviates from zero at around 294 K,
indicating the onset of the ferromagnetic transition. As the
temperature decreases below TCurie, a minimum and maximum
occur at 285 K and 275 K respectively. Figure 18(b) shows
magnetization as a function of temperature for the same
sample. The TCurie value measured by MFMMS coincides with
the middle of the magnetic transition, around 294 K showing
that the change in the MFMMS signal is produced by the
magnetic ordering of Gd [17]. More precise determination
of the TCurie temperature from SQUID will require the use of
Arrott plots [118].

Figure 18. (a) MFMMS signal as a function of temperature for a
ferromagnetic sublimated Gd. The arrow shows the onset of the
ferromagnetic transition. (b) SQUID measurement of magnetization
as a function of temperature. In both cases, the applied magnetic
field was 15 Oe.

It is important to note that although the MFMMS signal
increases for the ferromagnetic transition in Gd, the signal
shape and magnetic field dependency are different than
superconducting transitions. More details will be given in
section 6.

5.2.2.2. PrSi2. Figure 19 shows the MFMMS (a) and SQUID
(b) data for bulk PrSi2 alloy prepared by arc-melting [98].
The ferromagnetic transition at 11 K is confirmed by the two
measurements. The ferromagnetic transition appears as a sharp
dip in the MFMMS signal. This is a unique case that the
signal has opposite phase in comparison with superconducting
transitions. Having opposite phases is confirmed by mixing
PrSi2 with a well-known superconductor (Pb, data not shown).
Similar MFMMS results have been recently reported from
partially oxidized CuCl [119].

5.2.3. Metal–insulator transitions. Vanadium sesquioxide
(V2O3) undergoes a temperature-induced metal–insulator
(MIT) at TMIT ≈ 150–160 K depending on the oxygen
stoichiometry. This is accompanied by a change in the
crystal symmetry from monoclinic to rhombohedral and
magnetically from paramagnetic to antiferromagnetic phase
[120]. Stoichiometric V2O3 powders were studied for the
microwave absorption across MIT transitions.

Figure 20(a) depicts the MFMMS data measured with
hdc = 100 Oe, hac = 15 Oe, and 1 mW microwave
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Figure 19. (a) MFMMS signal as a function of temperature across
ferromagnetic transition of PrSi2 powder. (b) ZFC-FC measurement
of the same sample. Note the MFMMS signal shows a dip at the
transition. Figure adapted from [98].

power. The MFMMS signal is at the noise level through
the whole temperature range and shows no significant
change. Figure 20(b) shows the corresponding ZFC-FC
magnetization measurement from SQUID magnetometry. The
antiferromagnetic transition (AF) and hysteretic behavior
between cooling and heating branches are clearly visible in
the magnetometry measurements.

Despite the change in magnetization and resistance of
the material (the resistance increases by approximately seven
orders of magnitude) [121], the MFMMS signal does not
show any feature. This absence of MFMMS signal has
been reported previously [59]. It was argued that the weak
magnetic response of V2O3 prevents the absorption from being
modulated. Therefore, the phase locked signal is not detected
by MFMMS. The change of the local moment across the metal–
insulator transition is close to 10% (1.3 Bohr magnetons per
Vanadium atom in the insulating state and 1.2 Bohr magnetons
in the metallic state [122]).

5.2.4. Paramagnetic–metamagnetic. Although metamag-
nets show an increase in magnetization as a function of field,
they are not classified as an antiferromagnet, ferrimagnet, or
ferromagnet—see for example [123] and references therein.
These types of transitions are of special interest to address
the selectivity of superconducting transitions by the MFMMS
technique. It combines AF and FM-like behavior depending
on the external magnetic field applied. A typical case of meta-
magnetic material is FeCl2. It behaves like an antiferromag-
netic material below TN ∼ 23 K. The metamagnetic transition

Figure 20. (a) MFMMS signal as a function of temperature of
V2O3 powders at hdc = 100 Oe. (b) ZFC-FC magnetization curves
with 100 Oe applied field.

occurs within this temperature range. As the magnetic field
is increased, the material undergoes a transition from a low-
moment and low-susceptibility to a high-moment and high-
susceptibility state. A list of materials that exhibit metamag-
netic transitions was shown in a detailed review [124].

We studied the metamagnetic transition of FeCl2 powders
by measuring MFMMS as a function of temperature at different
applied fields (figure 21(a)). The temperature is always swept
downwards from 60 to 5 K. It was found that the temperature
at which the signal is zero (20 K) is independent of applied
field. Figure 21(b) shows the hysteretic behavior of MFMMS
measurements when the temperature is swept up and down,
for hdc = 3 kOe. Figure 21(c) depicts SQUID measurements
for the same sample. The transition temperature is in good
agreement with MFMMS data, and a hysteretic behavior
between ZFC-FC branches is also present.

The hysteretic behavior of this material has been used
in previous works to support the idea that the metamagnetic
transition in FeCl2 is first order [123, 125, 126]. The MFMMS
data from FeCl2 shows features that are similar to both
ferromagnetic transitions and AF transitions, i.e. the hysteresis
upon heating and cooling and the reduction of the microwave
absorption below the Néel temperature, respectively.

6. Selectivity of the MFMMS technique

Low field microwave absorption (LFMA) consists of the
measurements of the modulated microwave absorption across
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Figure 21. (a) MFMMS signal as a function of temperature for
FeCl2 powder at different applied magnetic fields, hdc.
(b) Hysteresis of MFMMS curves for 3 kOe applied field. Sweeping
up (blue, thicker line) and down (red, thinner line). (c) ZFC and FC
SQUID measurements of the same sample as a function of
temperature at hdc = 3 kOe.

a small range of fields around zero. LFMA has been measured
in a number of systems, from superconductors to ferromagnets
[8, 55, 70, 74, 112, 116, 127–129]. For a superconducting
sample, the field-derivative of the microwave absorption shows
a large hysteresis between upward and downward dc field
sweeps. The hysteresis was attributed to the existence of
weakly coupled superconducting clusters (grains) [56, 130]. In
general, the measured signal can be considered to be the field
derivative of the imaginary part of the magnetic susceptibility.
The detailed interpretation of these measurements is out of the
scope of this review and is described in [131].

LFMA measurement of MgB2 at 35 K using the MFMMS
setup is shown in figure 22(a). The dc field was ramped
from −100 up to 100 Oe (blue dashed line) and then ramped

Figure 22. MFMMS versus field. Field sweep up (blue dash) and
field sweep down (red solid) for: (a) MgB2 powder at 35 K and
(b) Py 100 nm thick film at 100 K. Vertical line on (a) indicates the
maximum MFMMS signal at 15 Oe.

back to −100 Oe (red solid line) at a rate of 1 Oe s−1.
Note that the signal is larger when sweeping the magnetic
field upwards. Except the exact shape of the signal
and corresponding magnetic field values, similar hysteretic
behavior is reproducible for all superconducting samples
measured below T

µ
c . This hysteretic behavior completely

disappears above T
µ

c .
LFMA measurement of a permalloy (Py) thin film at

300 K is shown in figure 22(b). The signal shows a sharp
minimum at hdc = 4 Oe when the magnetic field was
swept upwards and reaches the background level at 20 Oe.
When the field was swept downwards, the signal had an
opposite trend. This behavior has been attributed to a
ferromagnetic resonance of individual ferromagnetic domains
prior to saturation [116, 129].

It is important to note that when sweeping the magnetic
field, the MFMMS signal of Py and MgB2 shows opposite
trends; the former has a minimum in the MFMMS signal while
the latter has a maximum for upwards scans. This trend was
confirmed for all measured superconducting and ferromagnetic
samples. This behavior can be explained considering that
superconducting materials exhibit a diamagnetic response to
the applied field while FM materials have the opposite response
[132]. These results show that LFMA can be used as a
tool to differentiate ferromagnetic and superconducting phase
transitions. For further reading about LFMA we refer to [133]
and [116] for the case of superconductors and ferromagnetic
materials, respectively.
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Figure 23. (a) MFMMS and (b) magnetization measurements as a
function of temperature for single crystal GaMnAs.

As a further test, we measured a ferromagnetic insulator,
GaMnAs. The MFMMS signal from insulating ferromagnets
can be confused with a superconducting transition, since
both produce a peak like response. This is due to the
relative change of the magnetic susceptibility with respect
to the ac conductivity, which defines the surface resistance
Rs. In figure 23, we show the MFMMS (a) and SQUID (b)
measurements of a GaMnAs single crystal. The MFMMS
signal appears as a clear peak at the transition. In order to
distinguish this peak-like behavior from a superconducting
transition, the field-dependent absorption (LFMA) below
the critical temperature can be measured. GaMnAs single
crystal field sweeps are similar to those shown for Py
in figure 23(b). This suggests that in cases where the
material is unknown, a combination of MFMMS and LFMA
measurements can differentiate between superconductors and
ferromagnets.

In summary, if a MFMMS spectrum shows any abrupt
changes during the temperature sweep, additional low
field scans can distinguish the nature of the transition.
Superconducting transitions have a unique signature and can
easily be distinguished from other types of transitions, as
mentioned above.

7. Route for new superconductors

The search for new superconductors is akin to finding a ‘needle
in a haystack’, in which most of the material is irrelevant.
Therefore, it is important to develop an efficient method

to discard the ‘uninteresting’ parts of the phase diagram.
‘Interesting’ phases are sometimes not in thermodynamic
equilibrium, and can only be stabilized through specialized
synthesis routes. It is important to point out that, in many cases,
the first available samples of superconducting materials are
likely to be multiphase. This calls for a method through which
most of the non-superconducting materials could be efficiently
discarded, leading to the idea that the following two ingredients
are crucial for the search of new materials: (1) synthesis by as
many preparation methods as possible, and (2) fast, sensitive
and efficient methods that allow discarding of large parts of the
phase diagram which are not of interest. Further restrictions
have to be placed on the systems to be investigated; otherwise
the number of systems becomes intractable. These additional
restrictions can be obtained from theoretical input or from
qualitative ideas based on observations and guided by chemical
and material science intuition. This general philosophy
could be applied to many desired physical phenomena, but is
particularly well suited for the search for new superconductors.

There are very few general guidelines which can be
extracted from past experience. It is possibly safe to assume
that future discoveries will arise in multi-element compounds,
as proven by the recent discovery of superconductivity in the
pnictides, although even binary alloys (such as magnesium
diboride) went unnoticed for a long time. In most cases,
the high temperature superconductors contain light elements
such as (B, C, N, O, F, S, Cl). Moreover, charge separation
among substructures in the material appears, so that both
ionic and metallic/co-valent bonding exists side by side, as
for instance in layered compounds. Perhaps the proximity to
a magnetic and/or metal insulator behavior may also serve as
further help in restricting the large phase space available for
search. Attempts at doping these may yield the results we
are seeking. The problem is that to satisfy simultaneously all
conditions outlined above is nontrivial and therefore one may
want to start from compounds which partially satisfy some of
the conditions.

8. Conclusions

MFMMS can be used as a fast, sensitive and selective technique
to search for the presence of superconductivity. MFMMS
is a high-sensitivity technique capable of detecting volumes
of superconducting phases as small as 10−12 cm3 even in
discontinuous samples, which we demonstrated by patterning
a Nb film. The signature of superconductivity is a drastic
change in the field derivative of the microwave power absorbed
at the transition temperature. The dependence of the MFMMS
signal on the field parameters (hac, hdc and hrf) enables the
determination of hc2 and the transition temperatures. It has
been shown that the technique is able to detect multiple
superconducting phases in the same material, with different Tc.
Further investigation is needed to quantitatively understand the
MFMMS signal.

We showed that superconducting transitions can be
separated from other phase transitions using LFMA in
addition to MFMMS measurements. The correlation between
MFMMS, dc magnetization, and resistivity shows a route for
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the identification of unknown phases. This technique, together
with new synthesis methods—particularly the growth of new
materials using combinatorial techniques—can play a crucial
role in the search for new superconductors.
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