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We have developed a very sensitive, highly selective, non-destructive technique for screening
inhomogeneous materials for the presence of superconductivity. This technique, based on phase sensitive
detection of microwave absorption is capable of detecting 10~"* cc of a superconductor embedded in a
non-superconducting, non-magnetic matrix. For the first time, we apply this technique to the search for
superconductivity in extraterrestrial samples. We tested approximately 65 micrometeorites collected from
the water well at the Amundsen-Scott South pole station and compared their spectra with those of eight
reference materials. None of these micrometeorites contained superconducting compounds, but we saw the
Verwey transition of magnetite in our microwave system. This demonstrates that we are able to detect
electro-magnetic phase transitions in extraterrestrial materials at cryogenic temperatures.

ore than 100 years ago Heike Kamerlingh Onnes accidentally discovered superconductivity in mercury'.

This began the series of coincidences and surprises that have led to the discoveries of new supercon-

ductors. The major classes of superconductors (elements', A15s? cuprates’, diborides*, and pnictides®)
were all discovered by an intuitive search or serendipity®®. The search for superconductors is challenging for two
principal reasons. First, a comprehensive theory that describes how to synthesize new superconductors is still
missing, in spite of the enormous theoretical effort’'* that has gone into understanding their behavior.
Nevertheless, some interesting correlations between normal and superconducting state properties do exist'.
Second, superconducting materials, in general, are very complex and exist only in a small region of a multi-
element, metallurgical phase-diagram. Therefore superconductors are hard to find as they may be embedded in
non-superconducting materials or they just may be overlooked. The latter was demonstrated by the discovery of
superconductivity in MgB, in 2001*, almost fifty years after the material was synthesized. To date, much effort has
been invested in formulating a theory to explain superconductivity and in synthesizing superconductors, based
on theoretical guiding principles. (For an innovative alternative approach involving phase spread alloys, see ref.
14). In contrast, we have advanced a method for the fast detection of superconductivity with very high sensitivity,
which allows broad searches.

We have developed and improved a highly sensitive and selective technique for detecting minute amounts of
superconducting materials embedded in an otherwise non-superconducting matrix'*. Although conceived more
than 20 years ago'*™*, the original microwave absorption based technique was cumbersome and could not be used
to look for superconductivity in many materials systems. In its present form, this non-destructive technique can
measure a sample for superconductivity quickly (60 minutes in the range of 300-3.8 K) and very sensitively
(107" cc of superconductor), allowing a large number of materials to be screened.

Since material synthesis is the bottleneck in the search for new superconductors we have extended our searches
beyond artificially prepared materials to those found in nature, as originally proposed by H. Weinstock (private
communications and ref. 19). Extraterrestrial materials are particular interesting. The analysis of extraterrestrial
materials allows measurement of materials that cannot be synthesized in the laboratory. It is now well recognized
that in many meteoritic classes there are presolar grains of oxides (AL,O; MgALO,, CaAl;,0;9, TiO,,
Mg(Cr,Al),0, as well as SiC, diamonds, graphite, Si;Ny, and deuterium enriched organics®~**. These molecules
were formed in some of the most intense physico-chemical environments in the Universe, including supernovae
and stellar outflows. At the planetary level, the chondritic, achondritic, and iron meteorites are derived from
planetary processes associated with accretion/condensation, planetary differentiation, and segregation®. These
meteorites are some of the oldest, most pristine objects in the solar system and were created in a wide range of
pressures and temperatures, and have varied chemistry, ranging from highly reduced (e.g. iron meteorites) to
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highly oxidized meteorites containing organic material (carbona-
ceous chondrites). It is during such severe processes, when exotic
chemical species may be created and may constitute the components
of micrometeorites. Note that the conditions under which these form
in many cases are not attainable under ordinary laboratory condi-
tions and therefore they provide a unique source of exotic materials.
Our analysis method can detect minute amounts of superconduc-
tors embedded in a non-superconducting matrix and thus is the ideal
method the search in these heterogeneous materials. We have started
by investigating approximately 65 micrometeorites (with an average
diameter of 200 pm and a total mass of approximately 0.6 mg), and
eight reference samples (with a mass of approximately 1 mg) via
Magnetic Field Modulated Microwave Spectroscopy (MFMMSY).

Results

Detecting superconductivity using Magnetic Field Modulated
Microwave Spectroscopy (MFMMS). Since the discovery of super-
conductivity, different techniques have been developed to detect this
property. The simplest methods are to measure the temperature
dependence of the material resistivity and to measure the diamag-
netic response. Although the resistivity measurement is the ultimate
test, attaching electrodes to small, fragile samples is difficult and the
results from inhomogeneous samples may not be representative. To
circumvent these problems and to measure the perfect diamagnetism
associated with superconductivity, the temperature dependent mag-
netization is measured using magnetometry or AC-susceptibility**-.
These techniques provide information regarding the diamagnetic
properties of the superconductor. Both techniques require large,
homogeneous sample volumes. Moreover, these techniques are
relatively slow and compared to MFMMS, they require a larger
amount of materials (107° cc).

In our study, we use a Magnetic Field Modulated Microwave
Spectroscopy (MFMMS) technique (see figure la and refer to ref.
15 for a detailed description). The materials under investigation are
placed in a quartz tube. A continuous flow cryostat is used to scan the
temperature from 300 Kto 3.8 K. Simultaneously, a modulated mag-
netic field with an amplitude of 15 Oe and a frequency of 100 kHz is
applied (see figure 1b). In a small temperature interval below the
superconducting critical temperature, a small magnetic field can
destroy the superconducting state, and hence cause a significant
change in the microwave absorption. The microwave absorption is
monitored by a microwave cavity with a resonant frequency of
9.4 GHz. The modulated magnetic field causes the material to oscil-
late through the superconducting transition and this changes the
cavity quality factor. This change is detected with a lock-in amplifier.
A superconducting material typically causes a sharp characteristic
peak (figure 1c) around the transition temperature.

To avoid confusion we should point out that the MEMMS tech-
nique differs from the FMR (Ferro Magnetic Resonance) based
Microwave Resonance Thermomagnetic Analysis (MRTA), which
was used to analyze the magnetite content of lunar materials®. In
MEMMS, we minimize the FMR-response by using a special cavity-
mode, where the magnetic microwave field is parallel to the external
field, and by applying only a small external magnetic DC-field".

The sensitivity of the MFMMS is unmatched by other techniques
for detecting superconductivity. We showed using patterned samples
of Niobium (Nb) that 107" cc volumes produce a superconducting
MEMMS signal with a signal-to-noise ratio of 30'°. The same samples
give no superconductivity signal by conventional techniques such as
SQUID magnetometry. For pure superconducting materials, we
estimate that SQUID measurements are three orders of magnitude
below the MEMMS sensitivity (10~ cc). For a mixture of supercon-
ducting and non-superconducting materials, the question of the
highest sensitivity is far subtler and depends in particular on the
material properties of the non-superconducting matrix. For instance,
ferromagnetic materials could screen the diamagnetism of a super-
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Figure 1| (a) Schematic of the Magnetic Field Modulated Microwave
Spectroscopy system (MFMMS) (b) Amplitude modulation of the
externally applied magnetic field. The modulation frequency is 100 kHz
(c) Characteristic MEMM-spectrum of a superconductor (magnesium
diboride).

conductor and suppress the response in a SQUID magnetometer.
Conducting materials screen microwaves and MFMMS would only
detect superconductivity at or near the surface of the sample under
investigation. However, we have tested the sensitivity of the MFMMS
with a mixture of 1 mg (microwave absorbing) Fe;O4-powder and
0.1% (superconducting) bismuth strontium calcium copper oxide
(BSCCO) powder and estimated a sensitivity of 10™* cc. Even with
this disadvantageous sample, the sensitivity of MFMMS is only one
order magnitude worse than that of a SQUID magnetometer with an
ideal sample.

Besides the sensitivity, MFMMS has other advantages: it is non-
destructive, there are no specific sample geometry requirements, and
it is very fast. A typical scan over the entire temperature range, from
300 K to 3.8 K, takes only 1 hour.

Micrometeorites (MMS). Micrometeorites (Fig. 2) are terrestrially
collected extraterrestrial particles smaller than about 2 mm. They
range from irregularly shaped unmelted particles to spheroidal,
partially to wholly melted “cosmic spherules”. These materials
contribute most of the mass accreted on the present day Earth®**,
and are samples of asteroids, the moon, Mars, and cometary
materials not represented in meteorite collections®. Estimates on
the amount of this material entering the earth’s upper atmosphere
vary, with accepted values close to 30,000 ton/yr*. Although about
90% vaporize entering the atmosphere® the MM accretion rate is,
nevertheless, 100 times higher than that estimated for meteorites,
50 ton/yr’”>. Because of the large number of micrometeorites
arriving on Earth, rare or unusual extraterrestrial materials may be
more likely to be found in micrometeorite collections than in
meteorite collections.

These samples are ideal to test our highly sensitive technique for
detecting superconductivity, as individual MMs weigh 107> g. We

| 4:7333 | DOI: 10.1038/srep07333

2



b)

South Pole Station

Q
o

surface
?
AD 1500 - 60m
cavity 70m
80m
sed:mgrzt 90m
100m
AD 1000 - 110m

Figure 2| (a) Micrometeorites (b) Water well of the Amundsen-Scott
South Pole Station melted in the perpetual ice.

selected different types of MMs to measure using MFMMS. About
65 MMs were segregated into four groups based on their textures.
The first group consisted of spherules composed of glass, the second
were spherules with barred-olivine textures, the third had porphy-
ritic textures and the fourth were unmelted MMs. These classes
represent differing degrees of atmospheric heating of incoming
micrometeoroids.

MEFMMS. Figure 3(a) shows the MFMMS data for approximately 50
melted micrometeorites placed in a quartz tube. A strong negative
signal indicates the presence of an absorption mechanism around
300 K. This strong negative response slightly decreases down to a
temperature of approximately 150 K. In an interval between 120 K
and 50 K, the negative response increases and for temperatures
below 50 K, stays at high negative values.

To investigate these materials further, we segregated the 50 micro-
meteorites into 3 sub-ensembles depending on their texture (the

Table 1 | Reference materials measured using Magnetic Field
Modulated Microwave Spectroscopy (MFMMS)

# Description MFMMS-Signal
1 Natural Olivine (magnesium-rich) no

2 Natural Olivine (iron-rich) yes

3 Feldspar (Ca,Na)(AlSi)4Og no

4 Feldspar, Orthoclase KAISi3Og, Zircon ZrSiOy, no

Spinel MgAlL,O4

5 lImenite FeTiO3 no

6 Pyroxene-unknown composition no

7 Magnetite Fe3O4 yes

8 Hematite Fe,O3 no

amount of material was approximately the same for all three sub-
ensembles). The first sub-ensemble had barred-olivine texture, the
second one had porphyritic texture and the last one consisted of glass
micrometeorites®**. The corresponding MFMMS-spectra are shown
in figure 3c-e), respectively. The spectrum of the glass micrometeor-
ites shows no response, while the spectra of the barred olivine and the
porphyritic micrometeorite are very similar to the one of the whole
ensemble. Figure 3(f) shows the MFMMS of the unmelted micro-
meteorites. The negative signal at 300 K stays constant until 200 K.
Then itincreases until 120 K. In the 120 K to 50 Kinterval it strongly
decreases, followed by a small bump. To identify the materials that
are responsible for the MFMMS-signal, we acquired the MFMMS for
eight reference materials (see table 1). Two of those reference mate-
rials, magnetite and iron-rich olivine, had a detectable MFMMS as
seen in figure 4. Magnetite I (Fig. 4a) is synthesized magnetite pow-
der (Sigma Aldrich, particle size < 5 um), while Magnetite IT and
Magnetite III (Fig. 4b—c) are test samples made of natural magnetite.
Although there are differences between the three MEMMS of mag-
netite, the overall shape of the spectra are similar: from room tem-
perature to approximately 100 K the signal is flat followed by sharp
dip, after which the signal recovers somewhat, remaining below its
original value.
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Figure 3| (a) MFMM-spectrum of a micrometeorite ensemble (b—d) MFMM-spectrum of the sub-ensembles segregated depending on texture.

(e) MFMM-spectrum of unmelted micrometeorites.
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Figure 4 \ MFMM-spectrum. (a—c) magnetite. (d) olivine.

Discussion

None of the four micrometeorite MEMMS scans in figure 3 has a
characteristic peak that would indicate a superconducting transition
such as shown in figure 1c. However, it was surprising that the
micrometeorites showed a significant MFMMS response, since most
materials (including ferromagnetic or antiferromagnetic materials)
show no response.

A comparison of the MFMMS depicted in figure 3a—d reveals, that
the spectrum of the whole ensemble is approximately a superposition
of the spectra of the constituents. The spectra of these micrometeor-
ite ensembles are similar to the spectrum of synthetic magnetite
depicted in figure 4a. In contrast, however, the MEMMS data of
the unmelted micrometeorites resembles more the spectra of natural
magnetite shown in figure 4b—c. Many micrometeorites contain
magnetite, which forms as the micrometeorite is heated entering
the Earth’s atmosphere. Glass spherules cooled too quickly to form
magnetite crystals, but small magnetite grains grow in the barred
olivine and porphyritic MMs and the unmelted MM have thin mag-
netite rims.

In MFMMS, the magnetic field dependence of the microwave
absorption for different temperatures is detected. Consequently, this
technique is not only sensitive to superconductive transitions, but it
can also probe the magneto-electric response of other materials®,
relevantly magnetite®. The dip in the spectra of magnetite at 110
120 K (Fig. 4a—c) is caused by the Verwey transition*”*. Studies have
shown that the magneto-electric properties of magnetite vary
between different materials depending on variation in stoichiometry,
stress, grain size, impurities etc.””. This explains the differences in the
MFMMS characteristics (Fig. 4a—c).

Itis hard to tell if the “bump” below 40 Kin the MFMMS of barred
olivine (Fig. 3b) is caused by magnetite (Fig. 4a) or by Fe-olivine
(Fig. 4d).

Our first attempt to find superconductivity in extraterrestrial
materials has established the methodology. Using a large number
of micrometeorites we have obtained results from samples too small
to analyze using any other techniques. We identified the presence
magnetite in a large collection of micrometeorites collected in
Antarctica, findings confirmed by other measurements. While to
date we have found no evidence for superconductivity in the 65
micrometeorite investigated, these samples represent only a small
portion of the extraterrestrial samples available, and the search is
going on.

Methods

MEMMS uses a customized X-band Electron Paramagnetic Resonance (EPR)
apparatus. It includes a microwave circuit, a phase sensitive detector, an
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electromagnet, a cavity resonator, and a flow cryostat, See Fig. 1. The cryostat allows
sweeping the sample temperature between 3.8 K and 300 K. The sample is placed at
the center of the cavity where the microwave electric field is minimum and the
microwave magnetic field £,,,,, is maximum. In addition to A,y,,,, the sample is exposed
to an external dc (h,), and an ac (h,.) magnetic field. The system measures the
microwave absorption in-phase with the ac magnetic field as a function of the tem-
perature or the dc magnetic field. Typical MEMMS measurements are acquired with
an ac field (100 KHz) of h,. = 15 QOe, a dc field of 15 Oe to 9000 Oe, a microwave
power of 1 mW and ata 9.4 GHz frequency. The Microwave field and dc and ac fields
are all parallel. The temperature is generally swept at 1-5 K/min. Details of the
technique can be found elsewhere'.

Materials

We studied micrometeorites vacuumed from the bottom of the water well at the
Amundsen-Scott South Pole station®’. These micrometeorites were deposited on
snow between 700-1500AD and at the time of collection were 100 m below the snow
surface, at the well water ice interface. The samples were hand-picked from sediment
vacuumed from the bottom of the well.

We selected: Glass spherules, spherical particles composed of mafic glass; Barred
olivine spherules that contain lathe-shaped olivine crystals and small magnetite
crystals in interstitial glass; Porphyritic spherules that have equi-dimensional olivine
or pyroxene crystals and magnetite crystals in interstitial glass; and unmelted MMs.
The latter can be fine-grained with dark, compact matrices and chondritic compo-
sitions or coarse-grained and composed mainly of olivines and pyroxenes. Magnetite
rims form on the surfaces of unmelted MMs during atmospheric entry heating®. For a
detailed discussion of the chemical composition of MM please refer to ref. 33.
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