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Superconductivity and the new Fe Based Superconductors

The Imperial College group has a long-established programme on superconductivity, going back to
before the discovery of the high temperature superconductors (HTS) in 1986, evolving from vortex
physics, superconducting critical current density and distribution of critical current in wires and tapes
for power transmission, to more microscopic aspects and other interests such as dc metamaterials (so
called invisibility cloaking at dc).! Our wide research portfolio has stimulated the development of a
suite of novel specialised experimental techniques that are applicable to a range of material classes
including superconductors.

In 2001 superconductivity in MgB, was discovered and the group were well placed to respond
immediately to the discovery of these materials® and again when the families of Fe-based (or pnictide)
superconductors were discovered in early 2008 we were able to make some important initial
findings.>*> We have good links to key international collaborators in the USA, China, Taiwan and
Europe as well as with many groups within the UK.

Brief Summary of Fe Based Superconductors
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Fig 1 (a) The crystal structure of LaOFeAs (1111), BaFe,As, (122) and FeSe from ref 23, (b) The suggested phase diagram for
Ba(Fe;, Coy)As; (122) as a function of Co doping built up from neutron scattering data, where AF and SC are antiferromagnetic
and superconducting regions, respectively and T, and Ty indicate structural and magnetic phase transitions. The figure is taken
from ref 29 and (c) Schematic showing the relationship between lattice constant and height of the pnictide above the Fe plane and
prediction of nodal or nodeless gap symmetry taken from ref 33. The red dot indicates 42226 compound measured in fig 1(c).

The Fe based superconductors are layered materials, see figure 1(a) where the Fe atoms are arranged on
a simple square lattice® and they are either pnictides (1111 and 122 being the main families studied to
date) or chalcogenides (11). In the latter, superconductivity has been discovered in FeSe’ (T, = 8K, up
to 17K with doping and over 36K under pressure®). The 1111 LaNiPO, LaFePO analogues have T, ~
few K, low enough to be accounted for by electron-phonon coupling. However, the symmetry of the
order parameter in LaFePO appears to be nodal’, pointing to complexity in the pairing mechanism even
in these lower T, systems. There are strong electron — electron correlations, and there is clear evidence
for the formation of a spin density wave (SDW) gap in the undoped pnictide compounds'® associated
with a structural change in crystal symmetry. All the materials are low carrier density semi-metals, and
in the doped pnictide case, on the verge of itinerant magnetism."'

Interestingly the chalcogenides (FeSe) appear to have no static magnetic ordering unlike the FeAs
based systems. For the pnictides there is increasing evidence of coexistence of superconductivity and
magnetism on a local scale from muon and neutron studies'>"?, as shown in figure 1(b) for Ba(Fe
Coy)As (122) as a function of Co doping'®, but the lengthscales associated with coexistence are
unclear. Recent studies in CeFeAsO;xFx as a function of F content have shown that the doping does
not change the Fe-As distance, but rather tunes (reduces) the angle between Fe-As-Fe bonds, and it is
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this angle that controls the electron band width" and so changes T.. The main role of F doping is dual:
transferring electrons to the Fe-As block and thereby affecting the electron band width; and suppression
of the tetragonal to orthorhombic structural transition.'®!” Although the angle between Fe-As-Fe bonds
is important, it has recently been shown that it is the pnitide height above the Fe layer that is the key
parameter controlling the symmetry of the bands that cross the Fermi surface, and also the resulting
symmetry of the spin fluctuations.'"® The prediction shown in fig 1(c) is that the symmetry of the
superconducting order parameter should change from nodal to nodeless as the pnictide height above the
Fe layer increases. Systems that are at or close to the crossover are the most interesting to study; the
42226 compound on this schematic (large red circle) is a high-priority candidate. Although there is no
consensus theoretically concerning the symmetry of the order parameter, and perhaps given this recent
prediction this shouldn’t be expected, the extended s wave model is finding considerable favour.'**°

Interestingly, one aspect of this extended s wave model is the role of non-magnetic impurities: In a
multi-gap superconductor non-magnetic defects that promote interband scattering can be deleterious to
the superconductivity, just as magnetic impurities destroy superconductivity in single band s wave
superconductors; this prediction has yet to be verified. So far nothing at all is known systematically
about the defects in these materials or their fundamental role in supporting or destroying the
superconductivity (preliminary studies have been undertaken of the effect of point and line defects on
the critical current density and critical fields in both 1111 and 122 materials*'**.

The mechanism for superconductivity in pnictides seems to be accepted as related to magnetic spin
fluctuations, and although proximity to magnetism is similar in pnictides and HTS, the shape of the
Fermi surfaces and the nature of the magnetism in the two systems (in cuprates the parent compound is
an AFM insulation and in the pnictides it is an AFM semimetal) requires that the precise pairing
mechanism and associated order parameter symmetries differ.

Research at Imperial College on Fe Based Superconductors

1 Superconducting Energy Gap and Andreev Point Contact Spectroscopy

Point contact spectroscopy (PCS) was developed to chart the evolution of the superconducting energy
gap (A).in magnetic field.” In multi-parameter fitting it is essential to use rigorous methods to extract
parameters uniquely,” and we have developed a robust two-channel model to interpret PCS data in
applied magnetic field, showing that for type II superconductors, an additional form of broadening
occurs in finite magnetic field associated with the presence of the mixed state’*°. An extension of this
model was used to extract the electron diffusivity ratio, 1, between the two bands in epitaxial thin films
of MgB, superconductors.””** We have explored the relationship between the 1 extracted from direct
Hc(T) measurements and that obtained by PCAR techniques and find good agreement between the
two approaches.”” In the oxypnictides we have so far made measurements on polycrystalline oxygen-
deficient NdFeAsQOqgs, T. = 45.5K [3] and TbFeAsOgoFy; (T, = 50K) [4] and SrsFe,P>Sc,O¢ (T, =
17K) [30]. Representative data on these samples are shown in figure 2.
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Fig 2 (a) Example Point Contact Spectra (using a gold tip) of polycrystalline TbFeAsOggoFq1 (Tc¢ = 50K), showing two
well defined gap-like peak features at 5.6K (b) An ThFeAsOqFq; (Tc = 50K) showing zero bias conductance feature (c)
Sr4Fe,P,Sc,0¢ (T, = 17K) at 9K. The solid lines in each case are the theoretical fits to the data to two band s wave for (a)
and dy,.,, symmetry in (b) and (c). Note that the temperature dependence of the ZBC in (b) rules out dy,.,, symmetry.
See ref [4] for further details.

2 Magnetic Characterisation and Imaging

Measurement of the key parameter for applications, the critical current density Jg, is often complicated
by poor connectivity at grain boundaries. We have developed the simple “length-scale” analysis for
examining this issue’' that is a prerequisite for meaningful studies of flux pinning and so for the
enhancement of Jc. For MgB, studies we have improved the sensitivity of the approach by adding an
AC modulation to the background field (“AC length-scale analysis”). In addition to conventional
(magnetic or transport) measurement of those parameters, we can monitor Jc locally — on a scale of
microns - with our scanning Hall probe microscope as shown in figure 3(a).”> Although usually used
for imaging (up to much higher fields than attainable with magnetoptics), it is equally well adapted to
high-field magnetic studies of very small samples, and it can also be used to extract He.”> Given the
background ferromagnetic signal present in many samples most useful imaging has to be done at fields
sufficient to saturate the FM and therefore only Hall probe and not magnetooptic imaging is practical
here.

In addition to conventional (magnetic or transport) measurement, we can use our scanning Hall probe
microscope (up to much higher fields than attainable with magnetoptics), to measure local
superconducting parameters (T , Hco, e‘[c.)34 so as to be confident of sample homogeneity. Given the
background ferromagnetic signal present in some samples, useful imaging has to be done at fields
sufficient to saturate the FM and therefore only Hall probe and not magnetooptic imaging is practical

here.
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Fig 3 (a) Shows crosssections taken across Hall probe images such as those shown in the inset. These Bean-like profiles show that the
fragment carries a fully connected supercurrent. In this fragment we detected both the superconducting phase (yellow) and an extrinsic
paramagnetic component (blue) (b) We have begun to study the effect of defects on vortex behaviour and here we show the influence of
high energy Ta ion damage (c) Shows the angular dependence of the pinning enhancement from irradiation where 6 = 0 is along the

columnar defects. At lower temperature the pinning enhancement becomes more isotropic. All data is taken on 1111 NdFeAsOgs.
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Measurement of the key parameter for applications, the critical current density Jc, is often complicated
by poor connectivity at grain boundaries. We have developed the simple “length-scale” analysis for
examining this issue’ that is a prerequisite for meaningful studies of flux pinning and so for the
enhancement of Jg. For MgB, studies we have improved the sensitivity of the approach by adding an

AC modulation to the background field (“AC length-scale analysis”). In addition to conventional
(magnetic or transport) measurement of those parameters, we can monitor J¢ locally — on a scale of
microns - with our scanning Hall probe microscope as shown in figure 2(a).*® Although usually used
for imaging (up to much higher fields than attainable with magnetoptics), it is equally well adapted to
high-field magnetic studies of very small samples, and it can also be used to extract He.>” Given the
background ferromagnetic signal present in many samples most useful imaging has to be done at fields
sufficient to saturate the FM and therefore only Hall probe and not magnetooptic imaging is practical
here. We have begun to explore the influence of columnar defects as shown in fig 3(b) and (c)**.

See figure 4 for an example of Hall probe imaging of single crystals from Oak Ridge National
Laboratory.
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Figure 4 Characterisation of a 0.8mm x 1.2mm (approximately) 122 Ba(Fe; 3,Coy,)As, single crystal using the scanning Hall
probe. (a) The crystal was zero field cooled and imaged after a 60mT field was applied. The dark region across the crystal
shows where the flux is excluded. The crystal supports a screening current around the edge i.e. it is fully connected. (b) Imaging
at high field shows classic Bean profile (c) Here the crystal was zero field cooled at temperatures approaching T., ImT applied
and then the image was captured. The colour plot is an amalgamation of the imaged superconducting regions at the
temperatures indicated by the colour scale.. Crystal supplied by Oak Ridge National Labs
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3. Other Areas of Expertise Pertinent to Oxypnictides

Raman Spectroscopy: This non-invasive inelastic light scattering technique is an extremely useful
tool wherever phonons or magnons play an important role. We have previously used Raman
spectroscopy to study the oxidation state and cation disorder in HTS thin films,’*** manganites,* and
the disorder-induced collapse of the electron phonon coupling in MgB,.*

Microcalorimetry: Our ultra-sensitive microcalorimeter can measure heat capacities of microgram
samples in high magnetic fields.** ' In MgB, we have used it to measure the heat capacity jump at T
in single crystals, and in polycrystalline material to obtain He; and its anisotropy. More recently we
have adapted it to measure the latent heat at magnetic transitions independently.** A key aspect of
thermodynamic measurements is that they reflect bulk parameters, unaffected by problems of grain
connectivity.

High Frequency Properties: We have used microwave probes to determine the penetration depth (1)
and surface resistance (Rs) as a function of temperature in MgB,,* and obtained evidence for weak link
behaviour from microwave properties in applied magnetic field.*® In the BCS framework, the
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temperature dependence of A provides information on the density of pairs and on the electron-phonon
coupling, so it is an important tool in the study of new superconductors. Microwave measurements of
the A(T) for example can offer complementary insight into gap structure and also into order parameter

symmetry.
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