
A brief review on µSR studies of unconventional Fe and Cr-based superconductors

A. Bhattacharyya,1, 2, ∗ D. T. Adroja,1, 3, † M. Smidman,4 and V. K. Anand5

1ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, United Kingdom
2Department of Physics, Ramakrishna Mission Vivekananda Educational and Research Institute,

Belur Math, Howrah 711202,West Bengal, India
3Highly Correlated Matter Research Group, Physics Department,

University of Johannesburg, Auckland Park 2006, South Africa
4Center for Correlated Matter and Department of Physics, Zhejiang University, Hangzhou 310058, China

5Helmholtz-Zentrum Berlin für Materialien und Energie GmbH,

Hahn-Meitner Platz 1, D-14109 Berlin, Germany

(Dated: December 3, 2018)

Muon spin relaxation/rotation (µSR) is a very useful technique for probing the superconducting
gap structure, pairing symmetry and time reversal symmetry breaking, enabling an understanding
of the mechanisms behind the unconventional superconductivity of cuprates and Fe-based high-
temperature superconductors, which remain a puzzle. Very recently double layered Fe-based su-
perconductors having quasi-2D crystal structures and Cr-based superconductors with a quasi-1D
structure have drawn considerable attention. Here we present a brief review of the characteristics
of a few selected Fe- and Cr-based superconducting materials and highlight some of the major un-
solved problems, with an emphasis on the superconducting pairing symmetries of these materials.
We focus on µSR studies of the newly discovered superconductors ACa2Fe4As4F2 (A = K, Rb, and
Cs), ThFeAsN, and A2Cr3As3 (A = K, Cs), which were used to determine the superconducting
gap structures, the presence of spin fluctuations, and to search for time reversal symmetry break-
ing in the superconducting states. We also briefly discuss the results of µSR investigations of the
superconductivity in hole and electron doped BaFe2As2.

PACS numbers: 74.20.Rp, 74.25.Ha, 74.70.-b, 76.75.+i

I. INTRODUCTION

In 1911, Kamerlingh Onnes measured the electrical con-
ductivity of numerous metals and discovered the abrupt
disappearance of the resistance of a solid mercury wire
in liquid helium1. Subsequently a wide range of super-
conductors have been found with increasing high tran-
sition temperatures (Tc), and it is hoped that a room-
temperature superconductor can ultimately be realized.
Following the discovery of superconductivity it took a
long time for a microscopic theoretical understanding
of the phenomenon. Such a microscopic theory (BCS
theory) was proposed in 1957 by John Bardeen, Leon
Cooper, and John Robert Schrieffer2,3, where electrons
with opposite momenta condense into Cooper pairs,
which are bound via an attractive interaction mediated
by lattice vibrations (phonons). Superconductors which
are adequately characterized by BCS theory, where the
Cooper pairs are bound by the electron-phonon interac-
tion, are known as conventional superconductors, which
make up the vast majority of known superconducting
materials to date. In these systems, the Cooper pairs
condense in a s-wave pairing state with zero orbital an-
gular momentum, which leads to a gap in the single parti-
cle excitation spectrum across the whole Fermi surface4.
For phonon mediated BCS superconductivity, the transi-
tion temperature is comparatively low, with an expected
maximum of 30–40 K with strong coupling (at ambient
pressure) 2,3,5. A dramatic breakthrough in the field of
superconductivity came from the discovery of a La-Ba-

Cu-O system with a Tc of around 30 K by Bednorz and
Müller6, for which they were awarded the Nobel Prize
in Physics 1987. The cuprates materials are quite dis-
tinct from previously known superconductors, consisting
of doped CuO2 layers. Soon after, cuprates with sig-
nificantly higher values of Tc were found, including the
first material to become superconducting above the boil-
ing point of liquid nitrogen, YBa2Cu3O7−δ, with a Tc of
about 93 K7. The largest Tc reported at ambient pressure
is at around 135 K in Hg2Ba2Ca2Cu3O10+δ

8, which can
be increased even further under high applied pressures9.

The iron pnictide superconductors (FeSCs) were the sec-
ond family of high−Tc superconductors to be discovered,
by Kamihara et al. in 200613, which was even more ex-
citing given the long standing notion that ferromagnetic
elements such as iron are detrimental to superconductiv-
ity. Prior to this finding, superconductivity had already
been discovered with Tc = 4 K in LaOFeP14, but the
subsequent study of La(O1−xFx)FeAs revealed a clearly
enhanced value of Tc = 26 K13. It was further found
that upon switching La with other rare earth elements
and with either fluorine doping or introducing oxygen
deficiencies, Tc could be further increased15,16. Much
like the cuprates, it was quickly apparent that these
classes of materials are also unconventional supercon-
ductors, with a pairing mechanism not mediated by the
electron-phonon interaction of BCS theory 17–22. Here
the essential component for superconductivity appears to
be the FeAs layers, as opposed to the Cu-O planes of the
cuprates. One similarity to the cuprates is the tunabil-
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FIG. 1: Illustration of the different crystal structures of the parent compounds of various FeSCs, (a) 11-type, (b) 111-type,
(c) 122-type and (d) 1111-type and 32522-type materials. Reprinted with permission from Paglione et al. Nature Physics 6,
645 (2010)19. Copyright 2010 by Springer Nature. (e) and (f) represent the tetragonal crystal structure of newly discovered
ACa2Fe4As4F2 (A = K, Rb and Cs) compounds along with those for (f) RbFe2As2, CaRbFe4As4 and (e) CaFeAsF from Adroja
et al. arXiv:1802.07334109.

ity of the properties upon carrier doping, starting from a
non-superconducting parent compound. In the cuprates
this parent compound corresponds to a Mott insulator,
whereas for the Fe-based superconductors these are gen-
erally metallic or semimetallic with a spin-density wave
ground state19,23,24. The crystal structures typically con-
sist of arrangements of layers of FeAs and spacer layers,
and a number of varieties are found. The structures of
the 11, 111, 122,1111 and 32522-type materials are shown
in Figs. 1(a-f)19, along with that of the recently discov-
ered ACa2Fe4As4F2 (A = K, Rb and Cs, 122442-family)
superconductors. One of the striking features found in
some iron based superconductors is the observation of
electronic nematicity below a structural transition,25–27

the origin of which is not yet resolved. In the nematic
state the four fold rotational symmetry of the high tem-
perature tetragonal structure is broken, and this appears
to be electronically driven, corresponding to either spin
or orbital nematic ordering28–37. Whether the nematic
order in all the Fe-based systems has a common origin is
another open question, particularly in the case of FeSe
where there appears to be a lack of magnetic order in the
nematic state, which has been accounted for by orbital
ordering originating from the Aslamazov-Larkin vertex
correction38. In general, nematic order appears to com-
pete with superconductivity39, although when the s-wave
and d-wave states are nearly degenerate, it has been sug-
gested that the nematic order can lift the frustration and
hence lead to an increase of Tc

26,40,41.

Another example of unconventional superconductiv-
ity is in the heavy fermion superconductors42, such
as CeCu2Si2

43, CeCoIn5
44, CePt3Si

45, UPt3
46 and

URu2Si2
47, which in spite of the much smaller values of

Tc, show a number of similarities to the high temperature
superconductors. These similarities can be seen more
clearly in Figs. 2(a)-(c), which show the schematic phase
diagrams of three of the most investigated classes of un-
conventional superconductors, including (a), a cuprate
superconductor (YBCO) from Leyraud et al.10, (b), a
heavy fermion superconductor (CeRhIn5) from Park et
al.11, and (c) Fe-based (doped Ba-122) superconductors
from Liu et al.12 A common feature is that the appli-
cation of a non-thermal tuning parameter such as dop-
ing or pressure suppresses a magnetically ordered phase,
but leads to a superconducting dome, which may encom-
pass a quantum critical point near to where Tc is largest.
Meanwhile, a plot showing the historical progression of
realized values of Tc is shown in Fig. 2(d).

Cooper pairs can be described by a wave function, con-
sisting of spatial and spin parts, corresponding to partic-
ular orbital anglar momentum L and spin S. Spin-singlet
wave functions have S = 0 and L = 0, 2, ..., whereas the
spin-triplet wave functions have S = 1 and L = 1, 3, ....
One salient feature of unconventional pairing states is
that the Cooper pairs do not only form in the s-wave
state of BCS theory, but can condense in higher angular
momentum states, and the gap can be highly anisotropic,
disappearing at points or lines on the Fermi surface. Fig-
ure 3 depicts the gap structures of several pairing states.
Conventional superconductors have the most symmetric
orbital part, L = 0, which corresponds to s-wave pairing
[see Fig. 3(a)]. A less symmetric orbital part, L > 0, is a
feature of many unconventional superconductors, where
L = 1 and L = 2 correspond to p-wave and d-wave, re-
spectively [see Fig. 3(b)]. A notable example of this is
the cuprate superconductors where the experimental re-

http://arxiv.org/abs/1802.07334
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FIG. 2: Prototypical examples of the phase diagrams of three major classes of unconventional superconductors, following Bang
et al. J. Phys.: Condens. Matter 29, 123003 (2017)114. (a) Cuprate superconductor (YBCO) reprinted with permission
from Leyraud et al. Nature 447, 565-568 (2007)10. Copyright 2007 by Springer Nature. (b) Heavy fermion superconductor
(CeRhIn5) reprinted with permission from Park et al. Nature 456, 366-368 (2008)11. Copyright 2008 by Springer Nature. (c)
Fe-based 122 superconductors reprinted with permission from Liu et al. Physica C: Superconductivity and its Applications,
470, S513-S515 (2010)12. Copyright 2010 by Elsevier. (d) A plot showing the historical progression of the Tc of superconductors.

sults are most consistent with d-wave symmetry48,49, and
the Cooper pairs are thought to mediated by antiferro-
magnetic spin fluctuations50. The gap corresponding to
such a d-wave state is highly anisotropic, and it changes
sign and has line nodes on the Fermi surface, as shown in
Fig. 3(b). In fact a sign changing superconducting order
parameter is generally required for the realization of spin-
fluctuation mediated superconductivity50, and therefore
in analogy with the cuprates, one may also have antic-
ipated d-wave symmetry in iron-arsenide superconduc-
tors. However, experimental probes on iron-based ma-
terials have in most cases revealed nodeless supercon-
ductivity, and this has often been accounted for by an
s±−state51 similarly mediated by antiferromagnetic spin
fluctuations, where there is a different sign of the order
parameter between disconnected Fermi surface pockets,
as shown in Fig. 3(f). Similar to the cuprates, Fe-based
superconductors have also been much studied with inelas-
tic neutron scattering (INS). These studies have revealed
a spin resonance peak below Tc in the 1111, 122, 111,
and 11 families of superconductors, where the energy of
the resonance peak has a linear relationship with Tc

52.
The presence of such a spin resonance suggests a change
of sign of the superconducting pairing function between
regions of the Fermi surface separated by the ordering
wave vector of the antiferromagnetic parent compound.
Therefore in many cases, the observation of a spin res-
onance is in good agreement with that expected for the
s± state, since the AFM wave vector often connects the
hole pocket at the zone center, and the electron pockets
at the zone edge52.

There has been considerable debate over to what ex-

tent the superconductivity of iron pnictides can be uni-
versally described by an s± state. This is particularly
the case for overdoped 122 FeAs-based systems such
as KFe2As2 which lack electron pockets at the zone
edge53, and FeSe-based materials such as KxFe2−ySe2

54

and (Li1−xFex)OHFeSe55,56, where the hole pockets at
the zone center are absent. For KFe2As2 it was sug-
gested that there is a crossover from a nodeless s± state
in optimally doped Ba1−xKxFe2As2 to a nodal d-wave
state in KFe2As2 upon hole doping57–60. Before reaching
the d-wave phase, the system would be expected to pass
through an s+ id state at intermediate doping, in which
time reversal symmetry is broken61. On the other hand,
other results suggest that even in the heavily hole doped
region, the superconducting state remains s-wave62,63.
ARPES measurements report evidence that KFe2As2 has
s-wave symmetry with a nodeless gap on the innermost
hole Fermi surface, an octet line node structure on the
middle surface, and a very small gap on the outer one63.
For the FeSe based materials with no hole pockets at the
zone center, there have been proposals for a different s±
state compatible with the electronic structure61,64. An-
other proposed alternative is an orbital selective s × τ3
state, where the interband and intraband pairing func-
tions have different d-wave symmetries, resulting in a
sign change of the intraband pairing function between
the electron pockets, but the superconducting gap re-
mains fully open65.

Unconventional superconductors often exhibit the break-
ing of additional symmetries in the superconducting
state, as well as the broken global gauge symmetry com-
mon to all superconductors. One possibility is that time
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FIG. 3: (a-c) Illustrations of the superconducting gap structures corresponding to various gap symmetries, from P. K. Biswas
(unpublished). (d-f) Schematic drawings of two dimensional Fermi surfaces and the Brillouin zones from Tegel 110, where the
green lines indicate the nodes in the superconducting order parameter and the blue/red circles highlight the different signs of
the superconducting order parameter.

reversal symmetry (TRS) may be broken, which leads
to the spontaneous appearance of magnetic fields be-
low Tc. Two representative examples showing such be-
havior are the unconventional superconductors Sr2RuO4

and UPt3, where evidence for TRS breaking was initially
found from zero-field µSR66,67, which were later corrobo-
rated by optical Kerr rotation experiments68,69 (although
in Ref.70 conflicting results were found for µSR measure-
ments of UPt3). The broken TRS is well accounted
for by the leading theories of triplet superconductiv-
ity for these systems, where there are two-component
order parameters corresponding to two-dimensional ir-
reducible representations of the crystallographic point
group71,72. However, in other cases such as LaNiC2 and
LaNiGa2, the broken TRS is ascribed to non-unitary
triplet pairing73–75, where the Cooper pairs have an
intrinsic spin polarization76. Meanwhile, it has also
been proposed that loop Josephson-currents can account
for the TRS breaking signals in some otherwise appar-
ently conventional superconductors77. In the case of
iron pnictides, µSR measurements were performed on
Ba1−xKxFe2As2 to look for the evidence of TRS breaking
s+id state predicted to occur between the s± and d-wave
phases61. However, these yielded conflicting results, with
one study finding no signatures of broken TRS78, while
evidence was found from measurements of ion irradiated
samples79. As such, performing µSR measurements to

look for the presence of broken TRS is an important
method for identifying the pairing state of new uncon-
ventional superconducting materials.

Recent discoveries have led to a particular interest in
superconductivity of Cr-based materials. For example,
CrAs, exhibits helimagnetic order at TN = 273 K at
ambient pressure and becomes superconducting with Tc

= 1.5 K in an applied pressure of 1.09 GPa80,81. This
spurred the synthesis of new Cr-based superconductors,
which resulted in the discovery of superconductivity in
A2Cr3As3 (A = Na, K, Rb, and Cs), which have a quasi-
1D crystal structure82–85. Subsequently, superconduc-
tivity was also observed in isostructural A2Mo3As3 (A
= K, Rb and Cs)86,87. As the elements Cr and Mo
belong to the same group of transition metals with a
similar electronic configuration, this poses the question
of whether these two families of superconductors share
some common origins for the superconductivity86,87. The
A2Cr3As3 superconductors have been intensively inves-
tigated both experimentally and theoretically82–85,88–100,
as they are strong candidates for multiband triplet pair-
ing. Proposals of either triplet pz or f -wave pairing
states arise from theoretical calculations92,93, which may
also account for the evidence of line nodes in the su-
perconducting gap90,96,100. Various techniques can be
used to investigate the gap structure of superconductors
including measuring the temperature and field depen-
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FIG. 4: Schematic representation of a µSR experiment. (a) Illustration of the transverse field µSR experimental setup. After
the spin-polarized muons are implanted in the sample, the number of decay positrons detected in the forward and backward
detectors is counted as a function of time from Iain McKenzie, Annu. Rep. Prog. Chem., Sect. C: Phys. Chem. 109, 65–112
(2013)107. (b) Field distribution of a regular triangular flux-line lattice, with the minimum (Bmin), maximum (Bmax), and
saddle point (Bsad) fields indicated by the arrows. Both panels are reprinted with permission from Khasanov et al. Supercond.
Sci. Technol. 28 034003 (2015).108. Copyright 2015, the Institute of Physics.

dence of thermodynamic properties, angle-resolved mea-
surements, and spectroscopic techniques. To completely
understand the gap structure and pairing state, it is of-
ten necessary to consider a variety of measurements, and
here we primarily discuss µSR investigations of uncon-
ventional superconductors. The temperature and field
dependence of TF-µSR measurements yields informa-
tion about the flux-line lattice and magnetic penetration
depth, which can reveal the structure of the supercon-
ducting gap. Furthermore, TF-µSR measurements on
single crystals can allow for the gap anisotropy to be
directly probed101,102. µSR in zero-field can be used
to determine whether time reversal symmetry is broken
in the superconducting state, as well as the magnetic
properties of the system. Detailed reviews about µSR
measurements on superconductors and other condensed
matter systems can also be found in Refs103–106,108. In
this review, we principally concentrate on using µSR to
probe the superconducting pairing states of newly dis-
covered double layered FeSCs, as well as a family of Cr-
based one-dimensional materials. In the first part, a brief
introduction to the muon-spin rotation/relaxation tech-
niques is given, while the second part reviews the super-
fluid density of ACa2Fe4As4F2 (A = K, Cs, and Rb),
ThFeAsN, doped BaFe2As2 and A2Cr3As3 (A = K, and
Cs). Finally, we close with concluding remarks where
we discuss the results and suggest future directions. We
note that this review only includes a small subsection
of the extensive research on high-temperature supercon-
ductors, and further detailed reviews can be found in
Refs.19,21,52,108,111–113.

II. INTRODUCTION TO THE µSR TECHNIQUE

Muon spin rotation and relaxation are very sensitive lo-
cal probes which can be used to investigate magnetic
and superconducting materials (for further details see
Refs.103–106,108). The muons utilized in µSR facilities
are generated by colliding a high energy proton beam
with a graphite target, which produces pions, and each
positive (negative) pion decays into a positive (negative)
muon and a (anti)neutrino. As a result of parity viola-
tion, the muon beam is spin-polarized, and these muons
are implanted into the sample and come to rest via elec-
trostatic interactions which preserve the muon spin di-
rection. For µSR measurements, positive muons µ+ are
usually utilized, which decay with a half-life of 2.2 µs into
a pair of neutrinos and a positron. Since the positrons
are more likely to be emitted along the axis of the muon
spin, the angular distribution of the emitted positrons
reflects the distribution of the spins of the muons. In
the presence of any local magnetic fields at the muon
stopping site Bloc, the µ+ spins precess at the Larmor
frequency ωµ = γµBloc, where γµ/2π = 135.5 MHz T−1

is the muon gyromagnetic ratio. The time dependence
of the polarization of the implanted muons is given by
Pµ(t) = G(t)Pµ(0), where the function G(t) corresponds
to the µ+ spin autocorrelation function, which is de-
termined by the internal magnetic field distribution103.
A schematic illustration of a µSR experiment (adopted
from Ref.108) is shown in Fig. 4(a). A commonly mea-
sured quantity in µSR experiments is the time depen-
dent asymmetry A(t) which is proportional to Pµ(t) and

is given by A(t) = NF (t)−αNB(t)
NF (t)+αNB(t) , where NF (t) and NB(t)

are the number of positrons detected in the forward and
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backward positions respectively, and α is a calibration
constant. µSR measurements performed in zero external
magnetic field are very sensitive to weak internal fields
in a sample, down to the order of 0.1 G. In studies of
superconductors this can be utilized to look for time re-
versal symmetry (TRS) breaking in the superconducting
state. TRS breaking corresponds to the spontaneous ap-
pearance of magnetic fields below Tc, which in turn leads
to a more rapid muon spin depolarization. While a num-
ber of expressions can be utilized to analyze ZF-field µSR
spectra, the data are often analyzed using66,73

A(t) = A0GKT (t)e
−λt +Abg, (1)

where λ is the Lorentzian relaxation rate, A0 is the initial
asymmetry of the relaxing component, and Abg is the
background term. GKT (t) is the Kubo-Toyabe function
given by

GKT =
1

3
+

2

3
(1− σ2

KT t
2)e−

σ
2

KT
t
2

2 , (2)

where σKT is the Gaussian relaxation rate. Here GKT

characterizes the decay of the asymmetry due to a Gaus-
sian distribution of magnetic fields which are static on the
timescale of the muon lifetime (including those arising
from nuclear moments), while the Lorentzian decay can
correspond to either a Lorentzian distribution of static
fields or rapidly fluctuating fields, and hence is often
termed the electronic relaxation rate. The breaking of
TRS in the superconducting state can be inferred from
either an increase of λ66,73, or σKT

74 below Tc. The
application of a longitudinal field (LF) parallel to the
initial muon-spin serves to decouple the muon from the
local magnetic fields in the sample. This decoupling oc-
curs more rapidly for static fields than for dynamic fields,
and therefore LF-µSR reveals information about both the
magnitude and dynamics of the internal fields104. On
the other hand, µSR measurements in applied transverse
magnetics field (TF), perpendicular to the initial muon
spin direction, are important for probing the flux line
lattice106. In TF-µSR, the precession of the muon spins
leads to oscillations in A(t), which decay due to the pres-
ence of a broadened field distribution P (B). The shape
of the field distribution corresponding to the flux line lat-
tice is shown in Fig. 4(b)108, and P (B) can be quantita-
tively utilized to extract the magnetic penetration depth
λ and the coherence length ξ106,116,117. The decay of the
oscillations in A(t) is often modelled using a Gaussian
function and therefore A(t) can be analyzed using

A(t) = A0 cos(2πνst+ φ) exp

(

−
σ2t2

2

)

+Abg cos(2πνbgt+ φ)

(3)

where νs and νbg are the frequencies of the muon pre-
cession from the sample and background, respectively

with a phase offset φ. The Gaussian decay rate in
the first term σ has two contributions below Tc, where
σ =

√

(σ2
sc + σ2

nm), and σsc is the contribution from
the vortex lattice and σnm corresponds to the nuclear
dipolar relaxation rate, which can be obtained from
spectra measured in the normal state. σsc can be di-
rectly related to the effective penetration depth λeff via
σsc/γµ = 0.0609Φ0/λ

2
eff , where Φ0 is the magnetic flux

quantum. This relation between σsc and λeff is valid for
0.13/κ2 ≪ (H/Hc2) ≪ 1, for a Ginzburg-Landau param-
eter κ=λ/ξ≫70117.
Since λ(T ) is sensitive to low energy excitations, this in
turn can provide information about the superconduct-
ing gap structure. For instance, if the superconducting
gap is fully open across the whole Fermi surface, λ(T )
shows exponentially activated behaviour, but if there are
line or point nodes in the gap, λ(T ) shows a linear or
quadratic temperature dependence in the clean and dirty
limits, respectively118. In particular, since σsc is propor-
tional to the superfluid density ns, it can be modelled
using96,119,120,

σsc(T )

σsc(0)
=

λ−2(T,∆0,i)

λ−2(0,∆0,i)

= 1 +
1

π

∫ 2π

0

∫ ∞

∆(T )

(

δf

δE

)

EdEdφ
√

E2 −∆(T,∆i)2
(4)

where f = [1 + exp(−E/KBT )]
−1 is the Fermi func-

tion, φ is the azimuthal angle across the Fermi sur-
face, and ∆i(T, φ) = ∆0,iδ(T/Tc)g(φ). The tem-
perature dependence of the superconducting gap func-
tion is approximated by the expression δ(T/Tc) =
tanh{1.82[1.018(Tc/T − 1)]0.51} while g(φ) describes the
azimuthal angle dependence of the gap, given by 1 and
|cos(2φ)| for an isotropic s−wave gap and a d−wave
gap with line nodes, respectively121,122. A range of
other potential gap structures have been used to analyze
the results from iron-based superconductors, including
g(φ) = 1 + αcos2φ for an extended s-wave state123, and
∆(T, φ)=[(∆1(0))

2+(∆2(0)sin(φ))
2]1/2 for an s×τ3 state,

where components corresponding to two different d-wave
symmetries are summed in quadrature65,199. Therefore
by analyzing σsc with various gap models, the magnitude
and structure of the superconducting gap can be probed,
which in turn allows for the identification of the super-
conducting pairing symmetry.

III. MULTIBAND SUPERCONDUCTIVITY IN
ACa2Fe4As4F2

A. Crystal structure and superconductivity

Recently, Wang et al. discovered superconductivity at
29-33 K in ACa2Fe4As4F2 (A = K, Rb, Cs, 12442-family)
125,126. Figures 1 (e)-(f) show the tetragonal crystal
structure with space group I4/mmm (No. 139, Z = 2) in
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which the Fe2As2 layers are sandwiched between A atoms
on one side and Ca2F2 on the other side, leading to two
distinct As sites above and below the Fe plane. This crys-
tal structure is similar to the CaAFe4As4-family (A = K,
Rb, Cs, 1144 family) and since the superconducting prop-
erties are closely associated with the nature of the spacer
layers between adjacent conducting layers125,126, it is of
great interest to study the superconductivity of com-
pounds with these double Fe2As2−layers. Furthermore,
it was noted that for the 12442-family, Tc has an inverse
correlation with the lattice parameters a and c125,126.
This is in contrast to the case of optimally hole-doped
AFe2As2 systems, where the maximum Tc increases with
the lattice parameters125,126. More specifically, for the
12242 materials Tc decreases with increasing dintra (the
spacing of Fe planes within the double Fe2As2−layers),
yet Tc increases almost linearly with the distance between
the Fe planes separated by the Ca2F2 layers, dinter. In
FeSCs, Tc has often been found to be related to both
the As-Fe-As bond angle, and the As height from the Fe
plane127, and for the 12442-family there are two sets of
these parameters due to the asymmetric Fe2As2 layers
leading to inequivalent As sites125,126. In addition, un-
like many other FeSCs, no structural phase transitions
or SDW transitions have been reported at low temper-
atures125,126. These materials are intrinsically near op-
timal doping with hole conduction (0.25 holes/Fe2+)128.
Electronic structure calculations for KCa2Fe4As4F2 re-
veal a multiband character and suggest that the system
is close to a stripe antiferromagnetic ground state129. It
is suggested that the magnetic ground state is suppressed
by the self-doping, leading to the observed high temper-
ature superconductivity.

B. Superconducting gap structure and time
reversal symmetry

1. KCa2Fe4As4F2

KCa2Fe4As4F2 with Tc = 33.36 K exhibits multigap su-
perconductivity with line nodes as reported by Smid-
man et al.130. TF-µSR data reveal that the tempera-
ture dependence of the in-plane penetration depth λ−2

ab
does not have the form of a s-wave superconductor, since
it does not become flat and saturate at low tempera-
tures as shown in Fig. 5(b). Furthermore, λ−2

ab cannot
be described by either single band models or a multi-
gap s-wave expression, but are well described by two-gap
models with line nodes. Here good fits are obtained for
both a s + d model where one gap is fully open and the
other is nodal, as well as a d + d scenario where both
gaps have line nodes. The respective fitted values of
the larger of the two gaps are 3.52 kBTc and 5.08 kBTc,
which are significantly higher than the weakly-coupled
gap values (1.76 kBTc and 2.14 kBTc for s- and d-wave,
respectively), suggesting strongly coupled superconduc-
tivity. An interesting comparison can be made with the

ARPES studies of two other nodal iron-pnictide super-
conductors BaFe2(As0.7P0.3)2 and KFe2As2

63,131. For
BaFe2(As0.7P0.3)2 it was found that the superconduct-
ing gap nodes only exist on a small region of the Fermi
surface131, and it was suggested that this relatively lim-
ited nodal area can account for the relatively high Tc of
30 K. On the other hand, the ARPES study of KFe2As2
revealed a much more extended nodal area of the Fermi
surface with an octet line node structure, and in turn
this compound has a much lower Tc of around 3 K63. In
KCa2Fe4As4F2 the superfluid density does not drop as
dramatically with increasing temperature as would for
instance be expected for a weakly coupled d-wave super-
conductor, which also suggests a relatively small nodal re-
gion of the Fermi surface as in BaFe2(As0.7P0.3)2, which
is consistent with the similarly large Tc.
Figures 5(c)-(d) show the results from ZF-µSR, which
indicate that TRS is preserved in the superconduct-
ing state. In addition, a temperature dependence of
the relaxation rate well above Tc suggests the pres-
ence of spin fluctuations in this system. It is of inter-
est to understand the origin of nodal superconductiv-
ity in this system and in particular how changing the
spacer layers in these asymmetric FeSC tunes the prop-
erties of the pairing state. In comparison, the 1144
superconductor CaKFe4As4 exhibits two-gap nodeless
superconductivity134–136, and therefore the exchange of a
Ca layer for Ca2F2 can tune the pairing state from node-
less to nodal in these materials132. Since it is difficult to
account for this change along similar lines to other nodal
FeSCs, this suggests that this material represent a differ-
ent means of realizing nodal iron-based superconductors.
Furthermore, from the TF−µSR study superconducting
parameters of an in-plane penetration depth λab(0) =
229.5 nm, superconducting carrier density ns = 1.39 ×
1027 m−3, and carrier’s effective-mass m∗ = 2.59 me are
estimated using ΘD = 366 K, and λe−ph = 1.59.

2. RbCa2Fe4As4F2

Another member of the 12442 family RbCa2Fe4As4F2

with Tc = 29.19 K was investigated by Adroja et al.109.
For this compound, the magnetic susceptibility and spe-
cific heat reveal the presence of bulk superconductiv-
ity with a Tc of around 29 K. Figure 6(a) displays the
TF−µSR results which show that λ−2

ab cannot be ac-
counted for by either nodal or nodeless single-gap func-
tions. The λ−2

ab data are well described by both an s+ s
model with two nodeless gaps, as well as an s+ d model
where one of the gaps has line nodes. From the TF−µSR
study, superconducting parameters of an in-plane pene-
tration depth λab(0) = 231.5 nm, superconducting carrier
density ns = 1.29 × 1027 m−3, and carrier’s effective-
mass m∗ = 2.44 me are estimated using ΘD = 352 K,
and λe−ph = 1.45. Additionally, the ZF−µSR study does
not reveal a clear sign of TRS breaking below Tc, but
the temperature dependence of the relaxation rate of the
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FIG. 5: (a) Magnetization as a function of temperature for KCa2Fe4As4F2 in zero-field cooled (ZFC) and field-cooled (FC)
modes. (b) Variation of the square of the inverse in-plane penetration depth with temperature λ−2

ab
(T ) for KCa2Fe4As4F2. The

lines represent fits using different models for the superconducting gap structures. The single gap d−wave and fully gapped
s + s models do not fit the data well, but good fits are obtained using two-gap nodal s + d and d + d models. (c) Time
dependence of zero field muon spin relaxation spectra at different temperatures for KCa2Fe4As4F2, where the solid lines show
fits consisting of sum of a Gaussian and a Lorentzian decay. (d) Variation of the Lorentzian (λ) and Gaussian (σZF ) relaxation
rates with temperature, along with the corresponding amplitudes of each component. All panels are reprinted with permission
from Smidman et al. Phys. Rev. B 97, 060509(R) (2018)130. Copyright 2018 by the American Physical Society.

FIG. 6: (a) Variation of the square of the inverse in-plane penetration depth λ−2
ab

(T ) with temperature for RbCa2Fe4As4F2 from
Adroja et al. arXiv:1802.07334 109. The solid and dotted lines represent the fits using different models of the superconducting
gap. (b) λ−2

ab
(T ) of CsCa2Fe4As4F2 reprinted with permission from Kirschner et al. Phys. Rev. B 97, 060506(R) (2018)133.

Copyright 2018 by the American Physical Society. Fits using different models with d−, (s+ s)−, (s+ d)−, and (d+ d)−wave
superconducting gap structures are also shown.

asymmetry suggests the occurrence of spin-fluctuations
(not shown here)109.

3. CsCa2Fe4As4F2

Kirschner et al.133 reported a TF- and ZF-µSR study
on CsCa2Fe4As4F2 with Tc = 28.3 K to understand its
superconducting and magnetic properties. They find
that λab(T )

−2 of CsCa2Fe4As4F2 does not plateau at
low temperature, indicating nodal superconductivity as
shown in Fig. 6(b). At intermediate temperatures, there
is an inflection point in the temperature dependence
of the superfluid density from which it is concluded

that CsCa2Fe4As4F2 is a nodal multigap superconductor,
which can be fitted with a s + d-wave model. ZF−µSR
measurements again show two components in the relax-
ation of the asymmetry, and both the Gaussian and a
Lorentzian relaxation rates show a weak temperature
dependence between 2 K and 50 K, without any clear
sign of TRS breaking at Tc, which is very similar to the
results for KCa2Fe4As4F2 and RbCa2Fe4As4F2

109,130.
This compound contains the largest alkali atom in this
family of superconductors, and λab(0) = 244 nm, ns =
1.16 × 1027 m−3, and m∗ = 2.44me are estimated using
ΘD = 344 K, and λe−ph = 1.44.

It is interesting to note that the multigap behavior ob-
served in ACa2Fe4As4F2 (A = K, Rb, and Cs) is very

http://arxiv.org/abs/1802.07334
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FIG. 7: (a) Resistivity of ThFeAsN as a function of temperature. (b) χ(T ) vs. T in zero-field cooled (ZFC) and field cooled
(FC) modes with an external applied field of 5 G. (c) Isothermal field dependence of the magnetization at 5 K performed upon
sweeping the field to positive and negative fields. (d) Isothermal M(H) at 2, 5 and 10 K. (e) Temperature dependence of the
heat capacity in zero-field and 16 T. The inset of (e) shows the difference of the heat capacity data between the two datasets
plotted as C/T vs T . The blue vertical arrow shows the heat capacity jump. (f) Variation of the electronic specific heat
coefficient ∆γ (=γ(H)-γ(0)) with field extrapolated to T∼0 K and 7 K. The solid red line shows a power law fit, γ(H)∼Hn.
(g) Muon depolarization rate σsc(T ) as function of temperature for ThFeAsN cooled in a field of 400 G, after subtracting the
nuclear contribution. The lines correspond to fits of the data using various models of the superconducting gap. The dotted
magenta line shows the fit using an isotropic single-gap s−wave model, the dashed red line and blue solid line show the fits to
the two-gap models s+ s wave and s+ d wave, respectively. The green long-dashed line represents the fit using an anisotropic
s−wave model, and the solid purple line shows the fit using the d−wave model. (h) Temperature dependence of the internal
field of ThFeAsN from TF-µSR. All panels reprinted with permission from Adroja et al. Phys. Rev. B 96, 144502 (2017)146.
Copyright 2017 by the American Physical Society.

common in other FeSC materials (see Table-I). For ex-
ample, recent µSR measurements on CaKFe4As4 re-
vealed nodeless two-gap behavior, with gap sizes of 2.5
and 8.6 meV134, which is consistent with the results
from tunnel-diode resonator and scanning tunneling mi-
croscopy measurements135, as well as a high-resolution
ARPES study136. Meanwhile NMR results reveal spin
singlet superconductivity from the decrease of the Knight
shift below Tc, as well as nearly temperature indepen-
dent behavior in the normal state132. Polarized Raman
spectroscopy reveals no evidence for Pomeranchuk-like
electronic nematic fluctuations137, suggesting that the
occurence of electronic nematicity is not a requirement
for realizing high−Tc superconductivity in FeSCs. On
the other hand, the analysis of the superfluid density
of KCa2Fe4As4F2 and CsCa2Fe4As4F2 indicate that at
least one gap has line nodes, which is very different to the
fully gapped behavior of CaKFe4As4, while the analysis
for RbCa2Fe4As4F2 cannot distinguish between nodeless
and nodal two-gap models. Why swapping the Ca layer
in CaKFe4As4 for Ca2F2 induces nodal behavior needs
to be determined by future studies since it does not cor-
respond to a pressure effect, reduced height of the As

atoms, or hole doping130.

IV. MULTIBAND SUPERCONDUCTIVITY IN
ThFeAsN

The study of stoichiometric iron pnictide superconduc-
tors has been of particular interest, due to the advan-
tage of having reduced disorder, which can be useful for
the development of realistic theoretical models for under-
standing the unconventional superconductivity in the Fe-
based materials. Recently, Wang et al.138,139 discovered
the first nitride iron pnictide superconductor ThFeAsN
with Tc = 30 K (the highest of the 1111-type series in the
absence of chemical doping), which contains layers with
nominal compositions [Th2N2] and [Fe2As2]. The Tc of
ThFeAsN is as high as the electron-doped 1111-based
superconductors, as well as the ACa2Fe4As4F2 (A = K,
Rb, and Cs, Tc ∼ 30 K) and CaAFe4As4 (A = K, Rb
and Cs) families. The first-principles calculations sug-
gest that the lowest-energy ground state corresponds to
the stripe-type antiferromagnetic phase140,141. However,
the normal-state resistivity is metallic138, and a lack of
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long range magnetic order is confirmed by both neutron
diffraction142 and 57Fe Mössbauer spectroscopy143. Fur-
thermore, the application of pressure as well as both elec-
tron doping via substitution of N with O and hole doping
by swapping Th with Y suppresses the superconducting
Tc

144,145. Electronic structure calculations show the pres-
ence of nested hole and electron Fermi surfaces140,141,
and as a result this material presents the scenario of a
stoichiometric material near optimal Tc, which has an
electronic structure much like most other FeSCs.

A. Crystal structure and Tc

Wang et al.138 reported that ThFeAsN crystallizes in the
ZrCuSiAs-type tetragonal crystal structure (space-group
P4/nmm, No. 129, Z= 2) with lattice parameters a =
4.0367 and c=8.5262 Å. In this structure there are sep-
arate layers of Th and N perpendicular to c-axis. The
As and Fe layers are halfway along the c-axis, and the Fe
and As ions form tetrahedrons with two As-Fe-As bond
angles α ∼ 107.0◦ and β ∼ 114.5◦ at 300 K. The lay-
ered structure of ThFeAsN is very similar to others in
the 1111 family of iron pnictide superconductors, such as
LaFeAsO19. The ρ(T ) data shown in Fig. 7(a) shows a
superconducting transition onsetting below Tc = 30 K.
As shown in Figs. 7 (b) and (e), bulk superconductivity
below 30 K is revealed by measurements of the magnetic
susceptibility and specific heat.

B. Superconducting gap structure and presence of
time reversal symmetry

Adroja et al.146 used µSR to investigate the gap sym-
metry of ThFeAsN. Figures 7(g) and (h) show the TF-
µSR results, where the temperature dependence of σsc in
Fig. 7(g) is fitted better with models with two gaps, than
either the single-gap isotropic s-wave or d-wave mod-
els146. It can be seen that similarly good fits are ob-
tained with either an isotropic s + s wave model, or an
s+d wave model which has one nodal gap as as well as a
nodeless one. However as shown in Fig. 7(f), a nonlinear
field-dependence of the specific heat can be observed in
the low temperature limit. This is evidence for a nodal
superconducting gap, suggesting that the (s + d)−wave
model best explains the gap structure of ThFeAsN146.
Furthermore, the estimated superconducting parameters
were λL(0) = 375 nm, ns = 4.97×1027 m−3, and m∗ =
2.48me

146. Shiroka et al. 147, also investigated ThFeAsN
using TF- and ZF-µSR, as well as NMR measurements,
which detect the presence of magnetic fluctuations, which
weaken upon entering the superconducting state. This
was taken as evidence for competition between super-
conductivity and magnetism, which is in contrast to the
often observed scenario of microscopic coexistence52,148.
They also report that the superconductivity is best ac-
counted for by pairing states without gap nodes, with

both a two-gap s-wave and anisotropic s-wave models
accounting for the data. Moreover, their ZF-µSR study
suggests that time reversal symmetry is preserved in the
superconducting state, since there is only a very weak
change of the relaxation rate with decreasing tempera-
ture.

C. Physical and chemical pressure effects

Very recently Bai-Zhuo Li et al. have investigated the
superconducting properties of ThFeAsN1−xOx (x = 0-
0.6)144. It was found that increasing the O concentration
(electron doping) very quickly suppresses Tc and the sys-
tem is not superconducting for 0.1≤ x ≤0.2 down to at
least 2 K. However further doping leads to remergence of
superconductivity, reaching a maximum Tc of 17.5 K for
x = 0.3. As a result there are two superconducting domes
in the temperature-doping phase diagram separated by
a non-superconducting region, where the second dome
corresponding to heavier doping has a lower maximum
Tc. Two domes of superconductivity have also been ob-
served under pressure in the heavy fermion superconduc-
tor CeCu2Si2

149 and FeS150, where in both cases it is the
second dome at high pressures which has a higher Tc. On
the other hand the T–P phase diagram of FeSe only has
one superconducting dome with a maximum Tc of around
37 K at 8.9 GPa151. Two superconducting domes are also
observed in LaFeAs1−xPxO

152,153, but in this case there
is an antiferromagnetic phase in the intermediate non-
superconducting region153. Second dome is also found in
the phase diagram of LaFeAsO1−xHx (x ≤ 0.53) reaching
a maximum of Tc = 36 K154, in addition to the dome with
Tc = 26 K corresponding to LaFeAsO1−xFx

155. It would
be interesting to perform µSR studies on the materials
corresponding to the second dome, to examine whether
there is change of gap structure and pairing symmetry
between the separated phases.

The above findings from ThFeAsN can also be com-
pared with µSR studies on others in the 1111-family
of materials. R. Khasanov et al.,156 reported ZF and
TF−µSR measurements on SmFeAsO0.85 (Tc = 52 K)
and NdFeAsO0.85 (Tc = 51 K). From the TF−µSR mea-
surements, absolute values of the penetration depth of
λab(0) = 189 and 195 nm are reported for the Sm and
Nd samples, respectively. Considering the Uemura clas-
sification scheme, both materials were designated as un-
conventional superconductors. The ZF−µSR data of
SmFeAsO0.85 shows both slow and fast components to
the relaxation, which increase with decreasing tempera-
ture, and in particular there is a rapid increase of the fast
component below around 10 K. An analysis of σsc(T ) us-
ing σsc(T )/σsc(0) = (1-T/Tc)

n was reported to yield ex-
ponents close to n = 4 and n = 2 for SmFeAsO0.85 and
NdFeAsO0.85, respectively, where the former is close to
the universal two fluid value while the latter is expected
for d-wave superconductors in the dirty limit156.
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FIG. 8: (a) Temperature dependence of the muon spin relaxation rate σ for Ba0.5K0.5Fe2As2 and Ba0.55K0.45Fe2As2. The
dashed curve represents the isotropic gap s-wave pairing BCS superconductivity and the solid curve represents the scaled
results for YBCO. Reprinted with permission from Goko et al. Phys. Rev. B 80, 024508 (2009)162. Copyright 2009 by the
American Physical Society. (b,c) Penetration depth λ (plotted as 1/λ2 vs. T ) obtained from the transverse field muon spin
relaxation measurements on Ba0.65Rb0.35Fe2As2 at (b) ambient pressure and (c) 2.25 GPa. The solid curve in (b) represents the
fit with two-gap s-wave model and in (c) the fit according to a multiband d-wave model. The dashed line in (c) represents the
fit by a microscopic model. Both (b) and (c) are reprinted from Guguchia et al. Nat. Commun. 6, 8863 (2015)183. Available
under a Creative Commons Attribution 4.0 International License. (d) 1/λ2 vs. T obtained from the transverse field muon spin
relaxation measurements on Ba(Fe0.926Co0.074)2As2. The solid curve represents the fit with two gaps (s−wave) and the dashed
line to the fit by a power-law. Reprinted with permission from Williams et al. Phys. Rev. B 80, 094501 (2009).168. Copyright
2009 by the American Physical Society. (e) 1/λ2 vs. T obtained from the transverse field muon spin relaxation measurements
on SrFe1.75Co0.25As2. The solid curve represents the fit with two gaps (s−wave) in the clean-limit and the dashed shows the
fit in the dirty-limit. Reprinted with permission from Khasanov et al. Phys. Rev. Lett. 103, 067010 (2009)192. Copyright
2009 by the American Physical Society.

V. MULTIBAND SUPERCONDUCTIVITY IN
DOPED AFe2As2

The observation of high-temperature superconductivity
in doped AFe2As2 (A = Ba, Sr, Ca) with Tc as high as
38 K in Ba0.6K0.4Fe2As2 attracted significant interests in
these materials127,157–159. In particular, the research ac-
tivities were sparked due to their simple ThCr2Si2-type
crystal structure, the easy growth of large single crys-
tals, and the similarity of their generic phase diagram
with that of the high-Tc cuprates. With a semimetallic
ground state the parent AFe2As2 compounds exhibit an
itinerant antiferromagnetic spin density wave transition
accompanied by a tetragonal to orthorhombic structural
distortion and become superconducting upon suppression
of the SDW transition by partial chemical substitutions
at either the A, Fe or As sites or by application of exter-
nal pressure. The emergence of superconductivity upon
the suppression of long-range antiferromagnetic order-
ing is qualitatively similar to the observation of super-

conductivity in high-Tc cuprates where the parent com-
pounds are antiferromagnetic insulators127,157–161. Un-
derstanding the superconducting gap structure and the
microscopic pairing mechanism is a key problem for
FeSCs, and in general for the understanding of high-
Tc superconductivity. While two-gap superconductivity
(with one small gap and one large gap) is generally be-
lieved to occur for the doped-122 superconductors, differ-
ent superconducting gap structures have been proposed.
For optimally doped Ba1−xKxFe2As2, Ba1−xRbxFe2As2,
Ba(Fe1−xCox)2As2 and Ba(Fe1−xNix)2As2 a nodeless
isotropic gap structure seems more appropriate162–169.
On the other hand signatures of nodal superconducting
gap structures have been reported for BaFe2(As1−xPx)2
and Ba(Fe1−xRux)2As2

170–173, as well as in overdoped
Ba1−xKxFe2As2 and Ba1−xRbxFe2As2

62,174. The Fermi
surface structure plays an important role in determining
the superconducting gap structure. In optimally doped
Ba1−xKxFe2As2, the Fermi surface consists of both elec-
tron and hole pockets, whereas the Fermi surface of
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the end point compound KFe2As2 consists of only hole
pockets62,175,176.

A. Crystal structure and superconductivity

The parent AFe2As2 compounds form in the familiar
ThCr2Si2-type body-centered tetragonal (bct) structure
(space group I4/mmm, No. 139, Z = 2) which con-
sists of alternating layers of A+2 and [Fe2As2]

−2 slabs
stacked along the c-axis. In this structure each of the A,
Fe and As atoms occupy only one crystallographic site.
The A atoms form a bct sublattice and the Fe atoms form
square-planar layers. Fe and As form FeAs4 tetrahedra
which are edge shared to form the three-dimensional net-
works of [Fe2As2]

−2; four of the six edges of FeAs4 are
shared. In doped-AFe2As2 the Tc is suggested to be re-
lated to both the As-Fe-As bond angle, and the distance
(height) between the Fe layer and the adjacent pnictogen
layer127. For the K-doped BaFe2As2, the highest Tc ap-
pears for the As-Fe-As bond angle of ≈ 109.47◦ within
an undistorted FeAs4 tetrahedron 127.

B. Superconductivity in hole doped
Ba1−xKxFe2As2 and Ba1−xRbxFe2As2

The hole doping induced by partial substitution of Ba
by K in BaFe2As2, which exhibits structural and SDW
transitions near 140 K177,178, suppresses the SDW tran-
sition leading to the development of superconductivity
in Ba1−xKxFe2As2, with a maximum Tc ≈ 38 K for
x = 0.4, i.e. in Ba0.6K0.4Fe2As2

179. The µSR inves-
tigations on Ba1−xKxFe2As2 have suggested the coex-
istence of magnetism and superconductivity as well as
phase separation of superconducting (paramagnetic) and
antiferromagnetic regions162,164,180–182. The µSR study
on Ba0.6K0.4Fe2As2 by Hiraishi et al.164 shows evidence
for s-wave superconductivity where the σsc(T ) data in the
superconducting state could be fitted either by a single-
gap structure with 2∆(0)/kBTc = 5.09(4) or by a two-gap
structure with 2∆1(0)/kBTc = 7.3 and 2∆2(0)/kBTc =
4.1(2). The large value of 2∆(0)/kBTc compared to the
weak coupling BCS value of 3.53 clearly demonstrates
strong coupling superconductivity in Ba0.6K0.4Fe2As2.
A µSR study on Ba0.5K0.5Fe2As2 by Goko et al. 162

found a nearly linear temperature dependence of σ in
the superconducting state [see Fig. 8(a), figure from
Ref.162] which could not be explained by a single isotropic
energy gap. Instead the result was suggested to rep-
resent either an anisotropic superconducting gap with
line nodes or a multi-gap structure. The ARPES study
on Ba0.6K0.4Fe2As2 favours two band superconductivity
with strong coupling163,165,166. Based on ARPES data,
the presence of two isotropic and nodeless superconduct-
ing gaps and an inter-band scattering scenario for the
pairing mechanism have been suggested for superconduc-
tivity in Ba0.6K0.4Fe2As2.

Attempts were also made to probe the time rever-
sal symmetry breaking in Ba1−xKxFe2As2, however the
µSR investigations on polycrystalline Ba1−xKxFe2As2
(0.5 ≤ x ≤ 0.9) could not detect any evidence for
spontaneous magnetic fields associated with TRS break-
ing78. A recent µSR study on high quality ion-irradiated
Ba0.27K0.73Fe2As2 single crystals reported evidence for
TRS breaking79. It has been suggested that the broken
TRS state exists only for a very narrow region of x from
0.7 to 0.8 in the phase diagram of Ba1−xKxFe2As2

79.
The end point compound KFe2As2 was proposed to ex-
hibit a nodal d-wave pairing59, and a crossover from a
nodeless gap structure to a nodal state upon heavy hole
doping is expected to occur near x ≈ 0.862. The change
from nodeless to nodal gap structure is believed to be
related to a Lifshitz transition i.e., the disappearance of
the electron pockets in the Fermi surface, since while the
Fermi surface of optimally doped Ba0.6K0.4Fe2As2 pos-
sesses both electron and hole pockets, the Fermi surface
of KFe2As2 has only hole pockets62,175,176.
The partial substitution of Ba by Rb in BaFe2As2 also
leads to superconductivity in Ba1−xRbxFe2As2. It is
observed that with Rb in place of K, the Fe-sublattice
AFM can be completely suppressed, consequently, there
is no phase separation of superconducting and antiferro-
magnetic regions in optimally doped Ba1−xRbxFe2As2.
The µSR study on Ba1−xRbxFe2As2 also finds evidence
for two-gap superconductivity 167. The temperature de-
pendence of the penetration depth λ obtained from the
µSR measurements on Ba0.65Rb0.35Fe2As2 is shown in
Fig. 8(b) (figure from Ref.183) as 1/λ2 vs. T along with
the fit with two-gap nodeless s-wave model. Interest-
ingly, µSR measurements under the pressure reveal that
at pressure of about 2.25 GPa the nodeless gap struc-
ture of Ba0.65Rb0.35Fe2As2 becomes a nodal gap struc-
ture and pairing also changes from s-wave at ambient
pressure to a d-wave paring at 2.25 GPa [Fig. 8(c)]167,183.
A crossover from nodeless s-wave gap in optimally doped
Ba0.65Rb0.35Fe2As2

167 to nodal d-wave gap is observed
in the µSR study on overdoped Ba0.35Rb0.65Fe2As2

174.
These changes in gap structure by pressure and heavy
hole doping is interpreted as the manifestation of Lifshitz
transition due to the disappearance of the electron pocket
from the Fermi surface at high hole concentration as also
noticed in heavily hole doped Ba1−xKxFe2As2

62,174.

C. Superconductivity in electron doped
Ba(Fe1−xCox)2As2

The partial substitution of Fe by Co in BaFe2As2 also
suppresses the SDW transition and leads to the emer-
gence of superconductivity in Ba(Fe1−xCox)2As2 as a
result of effective electron doping, with a maximum
Tc ≈ 23 K for x ≈ 0.07184–186. The µSR inves-
tigations on Ba(Fe1−xCox)2As2 report the coexistence
of superconductivity and magnetism/SDW fluctuations
even in the optimally doped case168,169,187–191. A µSR
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FIG. 9: (a) Illustration of the crystal structure of K2Cr3As3. (b) Crystal structure of the [(Cr3As3)
2−]∞ tubes, which are

major structural units in the A2Cr3As3 materials. (c) Illustration showing the chemical bonding of Cr1 (top), K1 (middle),
and K2 (bottom). (a)-(c) are reprinted from J. Bao et al. Phys. Rev. X 5, 011013 (2015)82. Available under a Creative
Commons Attribution 3.0 License. (d) Muon depolarization rate σsc(T ) as function of temperature for K2Cr3As3 for a field of
400 G with both zero-field and field-cooling. (e) σsc(T ) for field-cooled measurements where the lines display fits for different
gap models. The short-dashed (blue) line shows the fit using an isotropic single-gap s−wave model and the solid (red) line
and dotted (purple) lines show fits to a d-wave model. The inset shows χ2 vs ∆(0)/kBTc. (f) ZF−µSR asymmetry spectra for
K2Cr3As3 at 0.6 K (red) and 8 K (blue), where the lines show fits to the data. (g) Electronic relaxation rate as a function of
temperature, where Tc = 5.8 K is shown by the dotted vertical line. (d)-(g) are reprinted with permission from Adroja et al.
Phys. Rev. B 92, 134505 (2015)96. Copyright 2015 by the American Physical Society.

study on Ba(Fe0.926Co0.074)2As2 showed evidence for
two-gap superconductivity with 2∆1(0)/kBTc = 3.77 and
2∆2(0)/kBTc = 1.57168,169. The temperature depen-
dence of the penetration depth λ is shown in Fig. 8(d)
(figure from Ref.168) as 1/λ2 vs. T along with the fit with
two-gap model. The parameter 2∆(0)/kBTc suggests
that the superconductivity in Ba(Fe0.926Co0.074)2As2 is
not in a strong coupling limit as was the case for
Ba0.6K0.4Fe2As2, though they both show a two-gap su-
perconductivity. On the other hand µSR investiga-
tions on SrFe1.75Co0.25As2 reveal the two gaps to be
2∆1(0)/kBTc = 7.2 and 2∆2(0)/kBTc = 2.7 [Fig. 8(e)]192.
The value of large gap may suggest a strong coupling su-
perconductivity in Sr(Fe1−xCox)2As2, however Williams
et al. 169 report a much smaller value of large gap of
2∆1(0)/kBTc = 2.7 in Sr(Fe0.87Co0.13)2As2, which is
smaller than the BCS value of 3.53. Because of the con-
trasting values of reported large gap no consensus can
be reached on the strong vs. weak coupling in Co-doped
(Ba, Sr)Fe2As2 .

VI. NODAL SUPERCONDUCTIVITY OF
QUASI-ONE-DIMENSIONAL

A2Cr3As3(A = K,Rb and Cs) SUPERCONDUCTORS

A. Crystal structure and Tc

Following the discovery of superconductivity under pres-
sure in CrAs80,81, a new family of isostructural super-
conductors A2Cr3As3 (A = Na, K, Rb, and Cs) were

discovered82–85. These were found to exhibit supercon-
ductivity at ambient pressure, with higher values of Tc

of 8.6, 6.1, 4.8 and 2.2 K for A= Na, K, Rb, and Cs
respectively. K2Cr3As3 crystallizes in a hexagonal crys-
tal structure [space group P6̄m2 (No. 187)] with lat-
tice parameters a = 9.9832 Å, c = 4.2304 Å.82. Here
the atoms do not form a planar hexagonal arrangement,
but instead lie within two planes offset along the c-axis
by half a unit cell, as illustrated in Figs. 9(a). The Cr
and As atoms form quasi-one dimensional double-walled
chains of [(Cr3As3)

2−]∞, consisting of face sharing oc-
tahedra with the outer wall being formed from As and
with Cr atoms on the inside, as shown in Figs. 9(b)-(c).
Within the Cr octahedra, the bond lengths lie between
2.61 and 2.69 Å, suggesting that metallic bonding be-
tween Cr atoms is expected. The double-walled chains
run along the crystallographic c-axis, and are separated
by the K+ cations, and hence giving rise to a quasi-one-
dimensional crystal structure.

B. Physical properties: K2Cr3As3 and Cs2Cr3As3

Specific heat measurements of K2Cr3As3 reveal the pres-
ence of bulk superconductivity, where the large jump in
the specific heat at the transition of 2.2 γTc is consid-
erably greater than that expected from weak coupling
theory, indicating that the superconductivity is strongly
coupled82. From probing the normal state, strong elec-
tronic correlations were revealed by a large electronic
specific heat coefficient and non-Fermi liquid transport
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FIG. 10: (a) Temperature dependence of the superconducting component of the Gaussian relaxation rate from TF-µSR mea-
surements of Cs2Cr3As3 in 400 G, for both zero-field and field cooling. (b) shows the field-cooled data, which has been fitted
with both s-wave and nodal models for the superconducting gap. (c) ZF−µSR asymmetry spectra collected at 0.1 K (circles)
and 4.0 K (red squares) together with lines representing least squares fits to the data. The inset shows the asymmetry spectra in
a 50 G longitudinal field together with ZF field results for comparison. (d) Temperature dependence of the electronic relaxation
rate , where the dotted line marks Tc = 2.1 K. The blue dotted line shows a linear fit and the solid red line shows a BCS-type
function with Tc = 2.1 K fixed from the χ(T ) data. All panels reprinted from Adroja et al. J. Phys. Soc. Jpn. 86, 044710
(2017)100. Copyright 2017 by the Physical Society of Japan.

behavior82,88, which are a common feature of uncon-
ventional superconductors. A lack of BCS pairing was
also suggested from the very large and anisotropic up-
per critical fields (Hc2), where Hc2 perpendicular to the
Cr−chains is significantly larger than that corresponding
to the parallel direction. Moreover, paramagnetic pair
breaking appears to be absent for the perpendicular di-
rection, but parallel to the Cr−chain Hc2 appears still to
have paramagnetic limiting, but with an enhanced Pauli
field88,89.

Measurements of the magnetic susceptibility show that
superconductivity occurs below 2.1 K and the isother-
mal M(H) curve suggests type-II superconductivity in
Cs2Cr3As3

84,100. The reported value of the upper crit-
ical field Hc2 = 6.45 T is higher than the Pauli limit,
HP = 1.84Tc = 3.86 T, much like the other isostruc-
tural materials, which again indicates that the supercon-
ductivity is unconventional. In zero field, ρ(T ) shows
metallic behavior with a linear temperature dependence
from 50 K down to just above Tc, indicating non-Fermi-
liquid behavior, suggesting the importance of spin fluc-
tuations84,100.

C. Superconducting gap structure and time
reversal symmetry

1. K2Cr3As3

Adroja et al.96 reported a TF- and ZF-µSR study on
K2Cr3As3. The temperature dependence of σsc obtained
from the TF-µSR measurements could be fitted to both
an isotropic s-wave model, as well as a d-wave model with
line nodes96. However, the goodness-of-fit values indicate
that the data fit better to the d-wave model than the s-
wave model [see Fig. 9(e)]. Therefore the µSR results
are more consistent with having line nodes than a fully
open superconducting gap, which is consistent with the
findings of penetration depth measurements using a tun-
nel diode oscillator technique, where a linear temperature
dependence is revealed at low temperatures in the high-
est quality samples90. The ZF-µSR study reveals some
evidence for the appearance of weak internal fields be-
low Tc, suggesting that the superconducting state may
be unconventional, but these results cannot ascertain
whether there is spontaneous broken time reversal sym-
metry. Moreover, from the TF-µSR study the estimated
superconducting parameters are λL(0) = 432(4) nm, ns

= 2.7 × 1027 m−3, and m∗ = 1.75me, respectively. The
NMR study by Zhi et al.95 on K2Cr3As3 also supported
the conclusion of unconventional non s-wave supercon-
ductivity from the absence of a Hebel-Slichter coherence
peak in the spin-lattice relaxation rate 1/T1 just below
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Tc. The measurements of 1/T1 also revealed enhanced Cr
spin fluctuations in the normal state above Tc, where the
power law dependence of 1/TT1 ∼ T−0.25 was suggested
to be compatible with a Tomonaga-Luttinger liquid. Sig-
natures of Tomonoga-Luttinger liquid physics were also
found from ARPES measurements by Watson et al.,97,
and the relationship between the low dimensional spin
fluctuations and the unconventional superconductivity
requires further exploration.

2. Cs2Cr3As3

Figures 10 (a)-(b) show the TF-µSR results, and the tem-
perature dependence of σsc is better accounted for by a
nodal gap structure than an isotropic s-wave model100.
The observation of a nodal gap in Cs2Cr3As3 is consistent
with that observed in the isostructural K2Cr3As3 com-
pound via TF−µSR and tunnel diode oscillator based
measurements90,96. Moreover, from the TF-µSR study
the estimated values of the superconducting parame-
ters are λL(0) = 954 nm, ns = 4.98 × 1026 m−3, and
m∗ = 1.61me. ZF-µSR results are displayed in Figs. 10
(c)-(d) , which reveal the existence of spin fluctuations
below 4 K and the ZF relaxation rate λ shows an enhance-
ment below Tc = 2.1 K, suggesting the slowing down of
electronic spin fluctuations. To verify whether the in-
crease in λ is correlated with Tc, two fits to the temper-
ature dependence were performed; (1) a linear function
across the whole temperature range, and (2) a BCS-type
function onsetting at 2.1 K [see blue dashed and solid red
lines in Fig. 10(d), respectively]. The value of the good-
ness of fit for (1) is χ2 = 4.35, while for (2) is χ2 = 3.42.
This results indicates that λ shows an increase below Tc,
suggesting that the superconductivity of Cs2Cr3As3 is
associated with the spin fluctuation mechanism, and is
hence unconventional.

Zhi et al.98 studied the NMR and 75As nuclear
quadrupole resonance to probe the normal state of
Cs2Cr3As3. Their Knight shift measurements corre-
sponding to the Cs1 site show an increase of the uniform
spin susceptibility upon decreasing the temperature from
295 K to around 60 K. Upon further lowering the tem-
perature there is a slight decrease before flattening out
below about 10 K. On the other hand, the Knight shift
for the Cs2 is very small, indicating little contribution to
the exchange interactions. From a comparison of the low
temperature spin-lattice relaxation rates with K2Cr3As3
and Rb2Cr3As3, it is suggested that substituting increas-
ingly large alkali atoms both suppresses the Cr spin fluc-
tuations and the superconducting Tc

95,98,99. This sug-
gests a relationship between spin fluctuations and the
superconductivity in ACr3As3, again pointing towards
an unconventional pairing mechanism.

VII. UEMURA CLASSIFICATION SCHEME:

In this section we focus upon the Uemura classification
scheme193,194 which is based on the correlation between
the superconducting Tc and the effective Fermi temper-
ature, TF , determined from µSR measurements of the
superconducting penetration depth. Within this scheme
strongly correlated “exotic” superconductors, i.e. high
Tc cuprates, heavy fermions and organic materials, all
lie within a particular part of the diagram, which is in-
dicative of a degree of universal scaling194 of Tc with
TF such that 1/10 ≥ (Tc/TF ) ≥ 1/100. For conventional
BCS superconductors 1/1000 ≥ Tc/TF . Considering that
the value of Tc/TF = 30/4969.4 = 0.006 for ThFeAsN
[see Fig.11], this material can be classified as lying close
to the proposed limit193,194. Taking into account the
value of Tc/TF = 33.36/1285 = 0.026 for KCa2Fe4As4F2,
Tc/TF = 29.19/1260 = 0.023 for RbCa2Fe4As4F2, Tc/TF

= 28.31/1130 = 0.025 for CsCa2Fe4As4F2 (see Fig. 11),
these materials can be designated as exotic superconduc-
tors. For K2Cr3As3, Tc/TF = 6.0/4689 = 0.0013 and
Cs2Cr3As3 = Tc/TF = 2.1/1651 = 0.0012. Moreover, we
have also included the data of ACa2Fe4As4F2 (A = K,
Rb and Cs) and A2Cr3As3 (A = K and Cs) to Uemura
plot as shown in Fig. 11, which shows that the former
compounds belong to the exotic class, while the latter
are away from this region.

VIII. CONCLUDING REMARKS

Despite extensive research activities worldwide following
the discovery of FeSCs, the pairing states and mecha-
nisms of superconductivity in these materials are still not
well understood. Nevertheless, µSR is a powerful tech-
nique for elucidating these mysteries, in particular, due to
the ability to characterize the superconducting gap struc-
ture, which is vital for revealing the underlying pairing
interactions. Although conventional phonon-mediated
superconductors exhibit an isotropic s-wave gap with a
2∆/kBTc ≈ 3.53 for weak-coupling, so far no consensus
has been reached on the gap character of FeSCs. In this
review, we discuss TF and ZF-µSR measurements in the
normal and superconducting states of ACa2Fe4As4F2 (A
= K, Rb and Cs), ThFeAsN, A2Cr3As3 (A = K and Cs)
and in doped AFe2As2.
The superfluid densities of ACa2Fe4As4F2 (A = K, Rb
and Cs) can be modelled using two-gap models, which
better accounts for the data than single gap s-wave or d-
wave models 109,130,133. Here an s+d model can describe
the data for all three members of this family of materials,
while A = K can also be accounted for by a d+ d model
and A = Rb can also be fitted with a s + s model. A
larger value of 2∆/kBTc (∼ 6.5) than the 3.53 expected
from BCS theory have also been obtained from the µSR
investigations of all these compounds, indicating strongly
coupled superconductivity. The observation of two gaps
is very similar to what is often found in FeSCs (see Table-
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FIG. 11: Uemura plot of Tc vs. effective Fermi temperature TF . The “exotic” superconductors lie within a region bounded by
1/100≤ Tc/TF ≤1/10,as indicated by the red dashed lines from Adroja et al. Phys. Rev. B 96, 144502 (2017)146. The solid
black line correspond to the Bose-Einstein condensation temperature (TB). The positions of ACa2Fe4As4F2 (A = K, Rb and
Cs) and ThFeAsN on the plot place these materials as being exotic superconductors146.

I).

The nodal superconductivity observed in KCa2Fe4As4F2

and CsCa2Fe4As4F2
130,133 is different to the case of the

CaKFe4As4, where in the latter distinct signatures are
found for a nodeless s± pairing state134–136, despite both
systems being near optimal hole doping136. Moreover the
electronic structure calculations by Wang et al.129 are in
line with many other Fe-based materials with hole pock-
ets at the zone center and electron pockets at the edge,
and therefore a nodeless s± state might be expected.
Consequently the change in superconducting gap struc-
ture between CaKFe4As4 and KCa2Fe4As4F2 is not sim-
ilar to the case of (Ba1−xKx)Fe2As2, where the change
from nodeless to nodal superconductivity is brought
about by hole doping63,163,196,197. Guguchia et al.183

proposed that pressure leads to a change from node-
less to nodal superconductivity in Ba0.65Rb0.35Fe2As2,
while it was also suggested that nodal superconductiv-
ity occurs in Fe based materials when the pnictogen is
less than 1.33 Å above the Fe-layer195. Nevertheless,
in KCa2Fe4As4F2 the As atoms are at heights of 1.40
and 1.44 Å130, well above this upper limit and indeed
above the values found for CaKFe4As4 (1.40 and 1.35
Å)198. This then suggests that this represents a differ-
ent scenario for the occurence of nodal superconductivity
in FeSCs, and whether the asymmetry above and below
the Fe-layers which is present in both CaAFe4As4 and
ACa2Fe4As4F2 plays a role in this, is yet to be deter-
mined. Meanwhile for RbCa2Fe4As4F2, Adroja et al.109

find that the nodeless s+ s- and nodal s+ d-wave mod-

els can both fit the superfluid density well 109. Since
this study could not distinguish between the nodeless
and nodal models, additonal measurements are impor-
tant to determine whether the gap structure is similar to
the other materials in this family.

An outstanding puzzle in ThFeAsN is the origin of the
superconductivity in a stoichiometric compound in the
apparent absence of a nearby ordered phase147. Inter-
estingly, band structure calculations predict a stripe an-
tiferromagnetic ground state for ThFeAsN which is not
observed140,141, but instead ZF−µSR reveals the pres-
ence of magnetic fluctuations146,147. Adroja et al.146 de-
termine that for ThFeAsN, σsc(T ) can be modelled with a
two-gap model with either an isotropic s+s or a s+d wave
gap structure, instead of a single-gap isotropic s-wave,
anisotropic s-wave, or d-wave models, which is in accor-
dance with the common trend of multiband supercon-
ductivity in FeSCs. However, it was suggested that the
field-dependent heat capacity can discriminate between
the two-gap nodal and nodeless scenarios, and from this
it was concluded that the (s+ d)-wave model is a better
description of the gap function of ThFeAsN146. Addi-
tionally, the gap value of 2∆/kBTc = 4.29 obtained from
the superfluid density analysis suggests strongly coupled
superconductivity in ThFeAsN146. On the other hand,
Shiroka et al. 147 concluded that the TF-µSR results
are best described by nodeless two-gap superconductiv-
ity. These results may be important for the proposal of
theoretical models to explain the origin of unconventional
superconductivity in ThFeAsN. It would be of particular
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TABLE I: Superconducting state properties of iron and chromium based superconductors probed by various techniques. The-
oretically in the weak coupling limit 2∆/kBTc ≈ 3.53 for s-wave gap, and 2∆/kBTc ≈ 4.28 for d-wave. Note on abbreviations
used for techniques in Table: TDO stands for tunnel diode oscillator, TC for thermal conductivity, HC for heat capacity, STM
for scanning tunneling microscopy, NQR for nuclear quadrupole resonance and QPI for quasiparticle interference.

Compounds Tc (K) 2∆/kBTc Pairing state Nodeless/nodal Techniques References

LaFePO 6, 7.5 s+− Nodal TC/TDO 201,202

LiFeAs 18 Anis. s-wave Nodeless ARPES/QPI 203,204

LiFeP 4.5 Nodal TDO 195

LiFeAsO1−xFx 18 4.2, 1.1 s+− Two-gap µSR 205

FeS 4.04 4.54, 2.47 s+ d-wave Nodal, two-gap µSR 206

FeSe 8.5 3.69, 1.64 Iso. & Anis. s-wave Nodeless, two-gap HC/STM 207

FeSe0.85 8.3 4.49, 1.07 s+ s Nodeless µSR 208

6.27 Anis. s-wave Nodeless µSR 208

FeTe0.55Se0.45 14.5 s-wave Nodeless ARPES 209

KFe2As2 3.8 d-wave Nodal TC/TDO/µSR 57,170

s-wave Nodal ARPES 63

RbFe2As2 2.5 4.55, 1.39 s+ s Nodeless µSR 210,211

d Nodal TC 172

CsFe2As2 1.8 d Nodal TC/HC 212,141

Ba0.6K0.4Fe2As2 37 7.5, 3.7 s Nodeless, two gap ARPES 163

38 7.3, 4.1 s Nodeless, two gap µSR 164

BaFe2(As0.7P0.3)2 30 s Nodal ARPES/TC 171,172

Ba(Fe0.77Ru0.23)2As2 17 Nodal TC 173

Ba(Fe2−xCox)As2 22.1 3.77, 1.57 s Nodeless µSR 168

CaKFe4As4 34.3 5.82, 1.69 s+ s Nodeless, two gap µSR/TDO/STM 134,135

KCa2Fe4As4F2 33.4 7.03, 1.28 s+ d Line nodes µSR 130

10.14, 1.19 d+ d Line nodes µSR 130

RbCa2Fe4As4F2 29.2 6.48, 0.70 s+ s µSR 109

6.42, 0.73 s+ d Nodal µSR 109

CsCa2Fe4As4F2 28.3 6.15, 1.24 s+ d Line nodes µSR 133

ThFeAsN 28.1 4.29, 0.25 s+ d, s+ s Nodal and nodeless µSR/HC 146,147

K2Cr3As3 5.8 6.4 d Line nodes µSR/TDO 90,96

Cs2Cr3As2 2.1 6.0 d Line nodes µSR 109

Rb2Cr3As3 4.8 4.2 Point nodes NQR 99

interest to examine the nature of the superconductivity
in the second superconducting dome in ThFeAsN1−xOx

(x ∼ 0.3) using µSR and neutron scattering measure-
ments.

The µSR investigations of both hole-doped and electron-
doped BaFe2As2 have been very useful for under-
standing the nature of the superconducting order pa-
rameter and two-gap superconductivity is well sup-
ported in these doped 122 systems. µSR stud-
ies on hole doped Ba1−xKxFe2As2 have shown two
isotropic and nodeless superconducting gaps in optimally
doped Ba0.6K0.4Fe2As2 with a strong coupling164. Evi-
dence for TRS breaking is also found in ion-irradiated
Ba0.27K0.73Fe2As2

79. Furthermore, a crossover from a
nodeless to nodal gap is proposed to be induced by heavy
hole doping near x ≈ 0.862, associated with the disap-
pearance of the electron pockets in the Fermi surface
at a Lifshitz transition in heavily hole doped materials.

This kind of crossover was also seen in Ba1−xRbxFe2As2,
which is induced by both heavy hole doping as well as by
hydrostatic pressure167,174. The µSR investigations on
electron-doped Ba(Fe1−xCox)2As2 have also shown evi-
dence for two-gap superconductivity, however, the super-
conductivity does not seem to be strongly coupled168,169.

An important puzzle for the A2Cr3As3 (A = K, Rb,
and Cs) family of superconductors is the nature of
the superconducting pairing symmetry, especially given
the clear evidence for line nodes in the superconduct-
ing gap from µSR and tunnel diode oscillator based
measurements90,96,100. One of the leading pairing sym-
metries predicted from theoretical proposals for a broad
range of parameters is a triplet pz-wave pairing state aris-
ing due to ferromagnetic fluctuations92,93. This state has
a nodal plane at kz = 0, and is also able to account for
the disappearance of paramagnetic limiting in the upper
critical field perpendicular to the chain direction88,89. On
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the other hand, the anisotropy of the paramagnetic lim-
iting fields in A2Cr3As3 may also be a consequence of
the strong antisymmetric spin-orbit coupling arising due
to the noncentrosymmetric crystal structure199. Another
possibility is an f -wave pairing state which has three line
nodes within the ab-plane92, which is compatible with
the observed in-plane six fold modulation of the upper
critical field200. Meanwhile the presence of spin fluc-
tuations apparently modified below Tc is revealed from
ZF-µSR, pointing towards a link between these fluctua-
tions and the superconductivity96,100, in line with the
above theoretical scenarios. With the findings of low
dimensional fluctuations compatible with a Tomonaga-
Luttinger liquid95,97, it is of particular importance to
understand any relation between these and the uncon-
ventional superconductivity.
Despite extensive efforts, there are still many unresolved
questions related to the gap structure and pairing states
of FeSCs. A thorough understanding is all the more im-
portant given the potential for novel applications, par-
ticularly those related to quantum computation52. For
instance, it is important to determine the origin of nodal
superconductivity in some systems, and whether these
are manifestations of the same multigap sign-changing s-
wave state, or if multiple pairing symmetries are realized.
In addition to the various gap structure probes, inelastic
neutron scattering investigations have been very impor-
tant for elucidating the pairing states of FeSCs52, and
therefore INS studies on all the Fe-based and Cr-based
materials presented in this review are highly desirable.
More generally, comprehensive studies using a broad va-
riety of complementary methods are very important for a
clear elucidation of the gap structures and pairing sym-
metries of FeSCs and related materials, as well as for
the study of proximate magnetic and nematic phases and
their relationship to superconductivity. To this end µSR
is an important tool for such studies, in particular being

a sensitive local probe which can be used to determine
the superconducting gap structure. Together with other
methods such as thermodynamic probes, ARPES, inelas-
tic neutron scattering, resonant inelastic X-ray scatter-
ing, and nuclear magnetic resonance, this can provide
vital information for revealing the microscopic origin of
high-Tc superconductivity.
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