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The iron-based compounds of the so-called 12442 family are very peculiar in various respects. They originate 
from the intergrowth of 122 and 1111 building blocks, display a large in-plane vs out-of-plane anisotropy, possess 
double layers of FeAs separated by insulating layers, and are generally very similar to double-layer cuprates. 
Moreover, they are stoichiometric superconductors because of an intrinsic hole doping. Establishing their super-
conducting properties, and in particular the symmetry of the order parameter, is thus particularly relevant in order 
to understand to what extent these compounds can be considered as the iron-based counterpart of cuprates. 
In this work, we review the results of various techniques from the current literature and compare them with ours, 
obtained in Rb-12442 by combining point-contact Andreev reflection spectroscopy and coplanar waveguide re-
sonator measurements of the superfluid density. It turns out that the compound possesses at least two gaps, one 
of which is certainly nodal. The compatibility of this result with the theoretically allowed gap structures, as well 
as with the other results in literature, is discussed in detail. 

Keywords: point-contact spectroscopy, Andreev reflection, coplanar waveguide resonator, unconventional 
superconductivity, order-parameter anisotropy, iron-based superconductors. 

1. Introduction: The 12442 iron-based superconductors

Among the various classes of iron-based superconduc-
tors, the most recently discovered is the so-called 12442 
family [1–3]. These compounds have a complicated struc-
ture, shown in Fig. 1(a), that results from the intergrowth 
of 122-type AFe2As2 (where A is an alkaline metal, i.e., K, 
Rb, or Cs) and 1111-type CaFeAsF or LnFeAsO [3] where 
Ln is a lanthanide (Gd, Tb, Dy, etc.). The resulting unit 
formula is thus ACa2Fe4As4F2 or ALn2Fe4As4O2, hence 
the name “12442” of the family. Here, we will focus on the 
first kind of compounds, thus excluding the oxyarsenides. 
The structure is body-centered tetragonal, belonging to the 
space group I4/mmm. The AFe2As2 building block is heavily 
hole-doped with 0.5 holes per Fe atom, while the CaFeAsF 
is undoped; as a result, the compound as a whole is intrin-
sically doped with 0.25 holes per Fe atom [4]. This has the 
important and very relevant consequence that these com-
pounds do not show any trace of long-range antiferro-

magnetic spin-density wave (SDW) order. In some sense, 
if one imagines the generic phase diagram of iron-based 
compounds, their intrinsic doping places them far from the 
region in which the SDW order is progressively destroyed 
by doping or substitutions, in favor of the appearance of 
superconductivity (SC). Indeed, these compounds are stoi-
chiometric superconductors with a critical temperature that 
ranges between 28 and 33 K depending on the alkaline 
metal A. The structure is such that two layers of FeAs, with 
alkaline metal sandwiched in between, are separated from 
the other two layers by an insulating layer of Ca2Fe2. This is 
a first structural similarity with the double-layer cuprates 
(for instance Bi2Sr2CaCu2O8+δ or YBa2Cu3O6+δ) that is 
unique among iron-based superconductors. Another conse-
quence of the structure is the large anisotropy of the resisti-
vity ργ  [5] and of the upper critical field Hγ  [6, 7] (which 
near cT  is related to the anisotropy of the resistivity [8, 9], by 

2
Hργ γ ). The values of the anisotropy are higher than in 

all other iron-based compounds, with the exception of some 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/10

.00
19

68
8



Erik Piatti, Daniele Torsello, Gianluca Ghigo, and Dario Daghero 

846 Low Temperature Physics/Fizyka Nyzkykh Temperatur, 2023, Vol. 49, No. 7 

electron-doped 1111 compounds, that feature thick spacer 
layers [5]: in particular, for 11 and 122 families 3Hγ  . 
The value of the anisotropy parameters in the 12442 com-
pounds is rather similar to those of some cuprates. Magnetic 
torque measurements on K-12442 single crystals provided 
an almost temperature-independent anisotropy factor 

16Hγ   [10]. 
Iron-based compounds are known to have superconduct-

ing properties that strongly depend on tiny details of the 
structure, namely the height of the pnictogen atom (here As) 
above the FeAs plane (usually referred to as Ash ) and the 
angle made by the two bonds between a Fe atom and the 
nearby As atoms, i.e., the As–Fe–As bond angle, usually 
referred to as α. In particular, a fairly general rule relates 
the maximum of the critical temperature with a particular 
combination of these parameters, i.e., As Å= 1.38h  and 

= 109.5α °. In the case of 12442 compounds, FeAs planes 
are asymmetric (this is a feature that they share with the 
1144 family), and therefore there are actually two different 
values of each parameter, depending on whether it is mea-
sured on the side of the FeAs plane toward the alkaline me-
tal (1) or on the side that faces the Ca2F2 plane (2). As po-
inted out in Ref. 2, the experimental values of these 
parameters are different from those expected to maximize cT . 

Surprisingly, the change of the alkaline metal from K to Rb 
and then to Cs, with increasing atomic size, makes the cT  
decrease but, at the same time, leads the compound closer 
to the optimal values of Ash  and α. Clearly, the asymmetry 
of the FeAs layer makes a description in terms of these 
structural parameters simplistic or simply unreliable. 

Another interesting parameter that seems to be related 
to the tuning of cT  is the interlayer spacing. Indeed, the 
structure of the compound implies that there are two dif-
ferent distances between FeAs layers. One is the distance 
between the layers that are separated by only the alkaline 
atom and form a bilayer (intralayer distance, intrad  in the 
following) and the other is the distance between neighbor-
ing layers that actually belong to different bilayers (inter-
layer distance interd ). Going from K to Rb and then to Cs, 
the intralayer distance increases while the interlayer dis-
tance decreases, and the critical temperature decreases as 
well. This somewhat suggests that interlayer distance is a cri-
tical parameter and that the farther the double layers are, 
the higher is cT . This is interesting because the interlayer 
distance is also greater than the c-axis coherence length [5, 6] 
which indicates that superconductivity has a quasi-2D cha-
racter and the bilayers are decoupled. 

As in almost all the iron-based compounds, the Fermi 
surface (FS) is made of various sheets. Here, due to the large 
anisotropy, these sheets are almost perfect cylinders and do 
not show the warping which is observed, for example, in 
122 compounds [11, 12]. According to first-principle cal-
culations [13, 14], these compounds present up to 8 hole-
like sheets centered on the Γ  point of the Brillouin zone 
(two pairs are nearly degenerate) and other 4 electron-like 
sheets centered at the M points, at the corners of the Bril-
louin zone [see Fig. 1(b)]. Direct measurements of the FS 
structure carried out by means of angle-resolved photo-
emission spectroscopy (ARPES) in K-12442 [15] essentially 
confirmed this picture, with three clearly separated hole-
like cylinders at the zone center (two of which actually 
consist of two nearly degenerate surfaces) and a small elec-
tron-like pocket at M, as shown in Fig. 4(a). The unusual 
disproportion between the size of the hole-like sheets and 
the electron-like ones is clearly due to the large intrinsic 
hole doping. As a consequence, there is no nesting wave-
vector able to connect the electron-like and hole-like bands, 
which is generally the condition under which a long-range 
stripe antiferromagnetic order can appear. Indeed, first-prin-
ciple calculations indicate that the ground state would dis-
play a stripe antiferromagnetic order [4], which is however 
suppressed by self-doping. 

The absence of a long-range spin order, however, does not 
prevent the spin susceptibility from presenting a clear re-
sonance at an energy RE  that, in K-12442, is equal to 
16 meV [16] [see Fig. 1(c)]. Considering the critical tem-
perature of the compound, the ratio /R B cE k T  is about 5.5, 
a value which is similar to that of cuprates (5.8) but un-
precedented in iron-based compounds. As a matter of fact, 

Fig. 1. (Color online) (a) Ball-and-stick model of the Rb-12442 
structure (center) and of its building blocks, the 1111-type 
CaFeAsF (left) and 122-type RbFe2As2 (right) structures, as ren-
dered by VESTA [67]. The distance between the two adjacent 
FeAs layers belonging to the 122-type bilayer ( intrad ), and the dis-
tance between the two neighboring FeAs layers belonging to one 
122-type and one 1111-type bilayer ( interd ), are highlighted. 
(b) Upper view of the Fermi surfaces of the 12442 family of iron-
based compounds computed via density functional theory in the 
2-Fe Brillouin zone. Reprinted with permission from Ref. 13. 
Copyright 2020 by Elsevier. (c) Spin resonant peak detected by 
inelastic neutron scattering in K-12442 at the in-plane wavevector 

= (0.5,0.5)Q  (in units of 2 / aπ ) of the 2-Fe Brillouin zone. Re-
printed with permission from Ref. 16. Copyright 2020 by the 
American Physical Society. The same wavevector is shown in 
panel (b) as the red arrow at = ( , )Q π π  (in units of 1 / a). 
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a generally rather well-obeyed rule in iron-based supercon-
ductor is that the energy of the spin resonance, which is be-
lieved to correspond to the energy of the mediating boson 
in the picture of spin-fluctuation-mediated pairing, is related 
to the critical temperature by 4.65b B ck TΩ .  [17]. The di-
rect determination of the characteristic energy of the elec-
tron-boson spectral function, obtained by analyzing point-
contact spectroscopy (PCS) spectra in iron-based supercon-
ductors of the 1111 [18, 19] and 122 [20] families, always 
confirmed this picture. The spin resonance, determined by 
inelastic neutron scattering experiment, is observed in cor-
respondence of an in-plane wavevector = ( , )Q π π  [red ar-
row in Fig. 1(b)] which connects the center of the 2-Fe Bril-
louin zone Γ  with its corner M [16]. In most iron-based 
compounds (apart from the 11 chalcogenides), the spin-re-
sonance wavevector is also the wavevector of the long-
range antiferromagnetic order of the undoped compound. 
These evidences can be naturally explained within the mo-
dels for spin-fluctuation-mediated superconductivity. It is 
not completely clear to what extent a “quasi nesting model” 
[21, 22] can be applied to 12442 compounds, owing to the 
aforementioned disproportion between hole-like and elec-
tron-like FS sheets, or whether the local antiferromagnetic 
exchange model must be applied [21, 22]. 

2. Gap symmetry in 12442 compounds 

In Ref. 23 Maiti et al. used a model for iron-based su-
perconductors with three hole-like FS sheets around Γ  and 
two electron-like pockets around M. They approximated 
all the intraband and interband pairing interaction compo-
nents with their leading angular harmonics in s-wave and 

2 2x yd − -wave and analyzed the leading symmetry as a func-
tion of either hole or electron doping. They found that 
the s± symmetry, with isotropic gaps of different sign on 
the hole-like and electron-like FSs [Figs. 2(a) and 2(b)], 
is favored when both electron and hole FS sheets are pre-

sent, while at extreme hole or electron doping where one of 
the two kinds of bands disappears, the d-wave symmetry 
prevails [Figs. 2(c) and 2(d)]. This is what happens at ei-
ther end of the doping series in 122 iron-based compounds 
(KFe2As2 and KFe2Se2). The existence of node lines in the 
gap is generally revealed by the persistence of low-energy 
quasiparticles that, in turn, give rise to a linear low-tem-
perature behavior in some experimentally-accessible quan-
tities like the magnetic penetration depth, the specific heat, 
the thermal conductivity, and so on. Various measurements 
have reported KFe2As2 to feature a nodal gap [24], and the 
nodal symmetry seems to be inherited also by the sister 
compounds CsFe2As2 [25] and RbFe2As2 [26]. The fact that 
these give rise to the building blocks of the corresponding 
12442 compounds is intriguing and has stimulated the in-
terest in the determination of the gap symmetry in this fa-
mily of iron-based superconductors. As a matter of fact, stoi-
chiometric 12442 are actually on the verge of the disap-
pearance of the electron-like pockets due to the intrinsic 
hole doping. Hence, it immediately became clear that an ex-
perimental determination of the gap symmetry in these com-
pounds could provide an important test for theoretical pre-
dictions. 

As pointed out in Ref. 22, one first test of the symmetry 
is provided by the spin resonance. The scattering between 
hole-like and electron-like FS sheets produces a resonance 
peak at or near = ( , )Q π π , as experimentally observed. 
This peak is sharper in the case of the s± symmetry and 
more rounded for the d-wave symmetry. The results of in-
elastic neutron scattering in K-12442 [16] thus support 
an s± symmetry. In principle, this does not prevent the 
possible presence of accidental nodes that indeed can ap-
pear on either the electron-like or the hole-like FS sheets, 
in suitable conditions. 

Indeed, several experiments carried out in 12442 com-
pounds gave evidence of nodes in the gap. Transverse-field 

Fig. 2. (Color online) Sketches of the symmetries of the superconducting energy gaps considered in this work and of the Fermi surfaces (FS) 
of 12442 compounds (electron-like: blue lines; hole-like: red lines), represented in the 2D 1-Fe Brillouin zone. The regions shaded in 
blue/red correspond to different signs of the order parameter. Dashed lines highlight the nodal lines. (a) Nodeless s±  symmetry. No gaps 
show nodal lines on any FS. (b) Nodal s±  symmetry. The nodes are accidental, either on the hole-like FS (depicted here) or the electron-
like FS (not shown). (c) Nodal 2 2x yd −  symmetry. The nodes on the hole-like Fermi surfaces are symmetry-protected, whereas the elec-
tron-like FS remain nodeless. (d) Nodal xyd  symmetry. The nodes on both the hole-like and electron-like FS are symmetry-protected. 
The sketches are based on Ref. 22. 
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muon spin rotation (mSR) experiments in K-12442 [27], 
Cs-12442 [28], and Rb-12442 [29] polycrystals (shown in 
Figs. 3(a), 3(b), and 3(c), respectively) clearly highlighted 
that the temperature dependency of 2

ab
−λ , which is actually 

proportional to the superfluid density [ ]2= ( = 0) / ( )S T Tρ λ λ
, cannot be reconciled with either a single or multiple iso-
tropic gaps. Indeed, at low temperature the superfluid den-
sity does not saturate (as one would expect in the case of 
a full gap) but displays a linear increase on decreasing T, 
which is expected in the case of a nodal gap. However, 
a clear change in slope between 5 and 10 K cannot be repro-
duced within a single d-wave gap picture. The experimental 
curves can rather be fitted by an expression 

 , ,
,1 ,2( ) = ( ) (1 ) ( )s d s d

S S ST x T x Tρ ρ + − ρ , (1) 

in which the superfluid density is simply the weighted sum 
of two contributions, associated with different gaps. The com-
bination of one isotropic (s-wave) and a nodal (d-wave) gap, 
referred to as s d+  in Refs. 27–29, was found to provide 
the best fit. In particular, a smaller d-wave gap (of amplitude 
ranging from 1.8 meV in K-12442 to 0.9 meV in Rb-12442) 

and a larger s-wave gap (of amplitude between 10 and 
7.5 meV) were obtained. 

Actually, a model with two nodal gaps (referred to as 
d d+ ) provides almost equal fit to the experimental curves 
of superfluid density. The so-called d d+  fit of the super-
fluid density curves gave gap amplitudes 1 = 1.8d∆  meV 
and 2 = 14 meVd∆  in K-12442 [27] and 1 = 1.3d∆  meV 
and 2 V= 14  med∆  in Rb-12442 [29]. With a critical tem-
perature of the order of 30 K, a gap amplitude of the order 
of 14 meV is actually difficult to accept, as it would give 
a gap ratio 2 / 11B ck T∆  . 

As a general comment to the fit of the superfluid density, 
it is worthwhile to point out that the two-gap picture is to 
be intended as an effective one, since only gaps that are suf-
ficiently different in amplitude can be experimentally dis-
entangled by any measurement that is not band-resolved 
(even though the compounds feature more than just two FSs). 
A more subtle issue concerns the comparison between the 
results of these fits and the allowed gap structures in an iron-
based compound with tetragonal lattice structure, explained 
in Ref. 22. In the fit of the superfluid density, the name 
s d+  does not refer here to the s d+  symmetry of a single 

Fig. 3. (Color online) (a)–(c) Temperature dependence of the inverse square penetration depth (proportional to the superfluid density) 
measured via muon spin rotation in K-12442 [27] (a), Cs-12442 [28] (b), and Rb-12442 [29] (c). Solid lines are fits to different models 
for the SC gap symmetry [Eq. (1)] as discussed in the main text. Insets show the low-temperature data in an expanded scale, highlight-
ing the linear dependence of a gap with line nodes. Reprinted with permission from Refs. 27–29, respectively. Panels (a) and (b) are 
under copyright 2018 by the American Physical Society. Panel (c) is under copyright 2020 by the Physical Society of Japan. (d) Specif-
ic heat of K-12442 as a function of squared temperature under the application of different magnetic fields. Solid lines are fits to Eq. (2) 
which highlight the presence of a quadratic term in the curves, typical of line nodes in the SC energy gap(s). Adapted from Ref. 30. 
(e) Temperature dependence of thermal conductivity for two Cs-12442 single crystals in zero magnetic field. Solid curves are fits to 

2/ =T a bTκ +  for 0.6T ≤  K, showing negligible residual linear terms associated with nodal behavior. Reprinted with permission from 
Ref. 31. Copyright 2019 by the American Physical Society. (f) Optical conductivity of Cs-12442 above (35 K, red line) and below (7 K, 
thick black line) cT . Dashed lines are the Drude–Lorentz fits at 35 K. The orange solid line is the dirty-limit Mattis–Bardeen contribu-
tion with a SC energy gap of 7 meV at 7 K. Reprinted with permission from Ref. 32. Copyright 2019 by the American Physical Society. 
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gap, but to two distinct gaps residing on different FSs. 
Therefore, the s d+  model corresponds to the case in which 
a small gap (in some of the FS sheets) is nodal, and ex-
pressed for simplicity as a d-wave one, and a larger one 
(in other FS sheets) is not. By comparison with the more 
correct nomenclature of Ref. 22, this is what happens in 
the nodal s± gap structure [Fig. 2(b)], in which accidental 
nodes occur (in some FS), or in the 2 2x yd − -wave structure 
[Fig. 2(c)], in which symmetry-protected nodes occur on 
the hole-like FS (but not on the electron-like ones). The 
d d+  model, instead, would correspond to the case in which 
both the effective gaps display lines of nodes. Taking into 
account the topology of the FS, this possibility could corre-
sponds to the xyd -wave gap symmetry [Fig. 2(d)], in which 
node lines cross both the hole-like and the electron-like 
FSs [22]. Again, since the model treats the gaps on the elec-
tron-like and hole-like FSs as independent entities, both of 
them are modeled with the simplest nodal gap, i.e., d-wave. 

Specific-heat (SH) measurements in K-12422 single crys-
tals [30] in various magnetic fields showed a clear SH jump 
at cT  but also highlighted that the low-temperature depend-
ence of the SH [shown in Fig. 3(d)] could not be fitted by 
a curve of the kind 3( , ) = ( )C T H H T Tγ +β , but rather re-
quired an additional term proportional to 2T : 

 2 3( , ) = ( ) ( ) .C T H H T H T Tγ + α +β  (2) 

The presence of the quadratic term in the electronic SH 
is the hallmark of line nodes in the energy gap(s) and its 
effect is particularly clear at lower temperatures. At zero 
field, a residual term 1 2

0 = (0) 5.3 mJ mol K− −γ γ ⋅ ⋅.
 was 

observed, which signals the persistence of unpaired quasi-
particles at low energy. Since the superconducting fraction 
of the crystals was close to 100%, this, in turn, can be as-
sociated to the existence of line nodes in the energy gap. 
The magnetic-field dependence of 0( ) = ( )H H∆γ γ − γ  re-
flects the multigap nature of the compound and suggests 
the existence of a large anisotropy on an individual FS sheet 
as well as the presence of a larger full gap on other FSs. 

Ultralow-temperature thermal conductivity measure-
ments in Cs-12442 single crystals [31] showed a negligible 
residual linear term in 0 / Tκ  in zero field, which is gener-
ally the indication of a fully-gapped superconductor [see 
Fig. 3(e)]. The magnetic-field dependence of 0 / Tκ  was not 
compatible with a single gap and rather suggested multiple 
nodeless gaps (with a ratio between the large and the small 
one of the order of 2), being very similar to that of moder-
ately-doped 122 compounds. 

Optical spectroscopy measurements in Cs-12442 single 
crystals [32] were interpreted in a single-isotropic gap sce-
nario and the extracted gap was about 7 meV [see Fig. 3(f)]. 

A direct experimental determination of the energy gaps, 
together with their association with the different FS sheets, 
was provided by high-resolution laser-based angle-resolved 
photoemission spectroscopy (ARPES) measurement carried 

out in K-12442 single crystals [15]. As already mentioned, 
ARPES gave evidence of several FSs [see Fig. 4(a)]: three 
hole-like cylinders centered about the Γ  point, of which 
two are nearly degenerate (α, 1β  and 2β , 1γ  and 2γ ), and 
tiny electron-like pockets at the M point (δ). The splitting 
of the β and γ  bands can be attributed to the interlayer inter-
action within a bilayer, as it happens in bilayer cuprates. 
The energy gaps were measured on all the FSs. Figure 4(b) 
shows the amplitude of the gaps on the hole-like FSs, as 
reconstructed from different cuts at different angles with 
respect to the XΓ −  direction. None of the gaps shows nodes, 
but they all display an in-plane anisotropy, their amplitude 
being systematically minimum at = 45θ ° that corresponds 
to the direction connecting the Γ  point with the M point 
(i.e., the direction of the wavevector at which the spin res-
onance is observed). 

The gap amplitude on the electron-like pockets δ  turns 
out to be similar to that of the α sheet but it could not be 
measured as a function of the angle due to the smallness of 
the relevant FS. Hence, there are actually no indications 
about the isotropy/anisotropy of this gap. 

The topology of the FS makes the possibility of a nest-
ing-driven pairing mechanism very unlikely. As a conse-

Fig. 4. (Color online) (a) Fermi surface sheets observed via angle-
resolved photoemission spectroscopy (ARPES) measurements in 
K-12442. The spin resonance vector is depicted as a black arrow. 
(b) Angular and (c) temperature dependencies of the band-resolved 
SC energy gaps measured on the different hole-like Fermi sheets 
via ARPES. Filled symbols in (b), (c) are the experimental data, 
solid lines in (c) are fits to the expected BCS energy dependence. 
Reprinted with permission from Ref. 15. Copyright 2020 by 
the American Physical Society. 
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quence, the authors compared their results to the predictions 
of the “strong coupling” approach, based on local (short-
range) interactions. They proposed a generalized s-wave gap 
function 

 0
1 1= (cos cos ) cos
2 2 2

y
s x y z

k
k k

 
∆ ∆ + ± ∆  

 
 (3) 

in the 2-Fe unit cell, which was found to work in the case 
of (Ba0.6K0.4)Fe2As2 [33], and takes into account the lattice 
symmetry and the absence of dispersion along zk . Here, 0∆  
originates from the intralayer next-nearest-neighbor exchange 
coupling J2, and z∆  from the interlayer exchange coupling Jz. 
This last term has to be taken into account in order to ex-
plain the difference in the gap amplitude between the two 
β split bands. They observed, however, that the measured 
gap amplitudes fit with this function only if the parameters 

0∆  and z∆  are allowed to be band-dependent. Figure 4(c) fi-
nally shows the temperature dependence of the energy gaps 
(symbols) compared to BCS-like behaviors (solid lines). 

Recent measurements of the energy gap in K-12442 single 
crystals by means of tunneling spectroscopy [34] gave re-
sults that are summarized in Fig. 5. The authors of Ref. 34 

claimed that, after cleaving the crystal in vacuum, two kinds 
of terminated surfaces were exposed. In the most common 
type of surface, STS measurements clearly highlighted a 
single full gap, uniform in space, of about 4.6 meV, and 
(in some spectra) additional features at about 2.2 meV that 
the authors associated to impurity-induced bound-state peaks. 
On the second type of surface, instead, multiple gaps could 
be obtained from either single spectra or separate ones. 
The distribution of gap amplitudes ranges from 4 to 7 meV, 
and additional features are observed at higher energies 
(around 10 meV). Figure 5(a) reports some of the spectra 
measured on either kind of surface, and Fig. 5(b) the dis-
tribution of the gap values found in the second kind of sur-
face. It is not clear why STS does not detect the gap of 
about 2 meV that ARPES associates to the largest hole-like 
Fermi cylinder. 

3. Effect of substitutions in the Fe site 

Another important piece of information about the 12442 
compounds comes from the study of the effect of substitu-
tions in the Fe site. In particular, Refs. 14, 16 reported sys-
tematic studies of the effect of Ni substitution in Rb-12442 
and Co substitution in K-12442. In either case, the substi-
tution results in an effective electron doping and, as evi-
denced by the sign change in the Hall coefficient HR , 
makes the majority carriers change from holes to electrons. 
At = 0.06x  (for Ni-doped Rb-12442) and = 0.1x  (for Co-
doped K-12442), HR  is zero and this implies that, at this 
doping content, the compound becomes compensated. As 
evidenced by density-functional theory calculations of the 
FS [14], these substitutions also produce a shrinking of the 
hole cylinders about the Γ  point, accompanied by an expan-
sion of the electron pockets. Near compensation, this pro-
duces almost perfect nesting conditions between hole-like 
and electron-like bands, a condition that, however, does not 
correspond to the onset of a SDW order — reasonably due 
to the intrinsic disorder [14]. Moreover, a comparison be-
tween RbCa2(Fe1–xNix)4As4F2 and KCa2(Fe1–xCox)4As4F2 
shows that, for any given concentration x , Ni substitution 
in Rb-12442 results in a larger suppression of the critical 
temperature (with respect to the undoped compound) than 
Co doping in K-12442 [see Fig. 6(a)]. The cT  vs x  curves 
are indeed rather different [6]; the one pertaining to Co-doped 
K-12442 has a rather small (negative) slope, while the one 
measured in Ni-doped Rb-12442 is steeper, and very similar 
to that obtained in iron-based compounds with a similar 
initial hole doping content, belonging to the 1144 family 
(RbEu(Fe1–xNix)4As4 [35]) and to the 122 family (i.e., 
Ba0.5K0.4(Fe1–xNix)2As2 [36] and Ba0.5K0.5(Fe1–xNix)2As2 [37]). 
The cT  vs x  curve of the nodal compound K(Fe1–xCox)2As2 
is instead much steeper [38]. Similarly, also the residual re-
sistivity 0ρ  (here obtained from the fit of the low-tem-
perature resistivity data with a function 0( ) = nT ATρ ρ + ) 
increases much more upon Ni doping than upon Co doping, 
as shown in Fig. 6(b). 

Fig. 5. (Color online) (a) Differential conductance spectra meas-
ured via scanning tunneling spectroscopy (STS) on two different 
terminated surfaces of K-12442. (b) Statistics of the peak ener-
gies derived from 900 STS spectra measured in a grid of 30 × 30 
uniformly-distributed points in a 100 × 100 nm area on the se-
cond type of surface. In both panels, the green arrows highlight 
the coherence peaks of the SC energy gap. The blue arrows high-
light spectral features attributed to impurity bound states. The red 
arrows highlight humps attributed either to a larger gap or to 
bosonic modes. Adapted from Ref. 34. 
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It is widely known that the effect of disorder on the cri-
tical temperature can provide some hints about its gap sym-
metry. In particular, in multiband systems, interband scatter-
ing from non-magnetic impurities is expected to dramatically 
suppress superconductivity when the order parameter changes 
sign between different bands. Even though the situation is 
actually complicated [22], a basic point is that the dopant con-
centration is not necessarily a good indicator of the level of 
disorder. Indeed, if one plots the cT  of RbCa2(Fe1–xNix)4As4F2 
and KCa2(Fe1–xCox)4As4F2 as a function of the residual re-
sistivity 0ρ  [see Fig. 6(c)], the two curves are exactly super-
imposed. This means that there is actually no difference bet-
ween these two compounds as far as the suppression of cT  
by substitutional disorder is concerned. 

4. Point-contact measurements in Rb-12442 

Most of the experimental investigations of the gap sym-
metry carried out so far refer to the K-based 12442 com-
pound, that features the highest cT , and a few of them to 
the Cs-based one. The Rb-based 12442 compound is by far 
the least studied of the series. Since the K–Rb–Cs 12442 se-
ries does show variations in some lattice parameters, we 
think it is not completely sure whether the tiny details of 
the gap structure are preserved in all the three compounds. 
In particular, the fact that it was not possible to assess the 
angle-dependence of the gap amplitude on the electron po-
cket, leaves the possibility for nodes to show up on that FS 
even if the overall results of ARPES measurements are true 
for all the compounds of the family. More dramatic differ-
ences with respect to the case of K-12442 could be driven 

by a possible further shrinkage of the electron-like pocket 
or by its disappearance. In that case, a transition to a d-wave 
gap would be expected, even though first-principles calcu-
lations of the band structure [13] predict no significant dif-
ference between K, Rb, and Cs-based 12442 compounds. 
Motivated by these arguments, we decided to study the gap 
symmetry in high-quality single crystals of RbCa2Fe4As4F2. 
We furthermore also measured Ni-doped crystals in order 
to study the effect of disorder and electron doping on 
the order parameter. 

4.1. Experimental 

The single crystals of RbCa2(Fe1–xNix)4As4F2 were syn-
thesized by the self-flux method using RbAs [6, 39, 40]. 
A detailed study of the structural and chemical aspects 
of the crystals can be found in Refs. 6 and 41. For the fol-
lowing of the discussion, the most important feature of 
these crystals is their phase purity that allows us to exclude 
the possibility of contributions from residual nodal 
RbFe2As2 phases. 

The crystals are very thin platelets (whose thickness is 
often of the order of some tens of microns) with shiny sur-
faces. Figures 7(a) and 7(b) show the mounting of a crystal 
for point-contact measurements along the c-axis [panel (a)] 
and along the ab-planes [panel (b)]. Here, the name indicates 
the direction of the normal to the N/S interface or, more 
understandably although less correctly, the direction of main 
current injection into the sample. In either case, the crystal 
was stuck between two indium blocks that allow the elec-
trical contact and also ensure mechanical support. The point 
contact was made by using a thin Au wire ( = 12 m∅ m ) 
stretched over the sample. In some cases [see for example 
Fig. 7(a)], we used a tiny drop of Ag conducting paste to 
keep the wire in position and ensure an electrical contact 
with the sample surface. In other cases, the contact was 
directly made between the Au wire and the sample [as in 
Fig. 7(b)]. In either case, several parallel nanocontacts are 
very likely to be established between the crystal and the 
normal electrode [18]. The contact configuration is the 
pseudo-four-probe one, with I + and V + contacts connected 
to the Au wire, and the I − and V − contacts connected to 
either In stack. 

Performing directional point-contact measurements in 
both the ab-plane and the c-axis configurations is very use-
ful (if not mandatory) whenever the k  dependence of the 
order parameter is suspected not to be trivial [12]. Avoiding 
unwanted contributions due to the conduction along crys-
tallographic directions that are different from the “nomi-
nal” one is thus important. For this reason, c-axis contacts 
were made on the flatter, mirror-like parts of the topmost 
surface, avoiding terrace edges in order to minimize the con-
tribution of ab-plane conduction. For the ab-plane contacts, 
we exploited the fact that our crystals showed regular side 
surfaces, flat and with sharp edges. This ensures that the di-
rection of current injection is fairly well controlled, in the 

Fig. 6. (Color online) (a) Normalized SC transition temperature 
as a function of substitutional doping at the Fe site for Ni-doped 
Rb-12442 [6], Co-doped K-12442 [14], Ni-doped RbEu-1144 [35] 
and BaK-122 [36, 37], and Co-doped nodal compound K-122 [38]. 
(b) Residual resistivity 0ρ  of Ni-doped Rb-12442 [6] and Co-doped 
K-12442 [14] as a function of substitutional doping, obtained 
by fitting the low-temperature resistivity data to a power law 

0( ) = nT ATρ ρ + . (c) Normalized SC transition temperature as a 
function of the residual resistivity in Ni-doped Rb-12442 and Co-
doped K-12442. Panels (a) and (b) are adapted from Ref. 6. 
Dashed lines are guides to the eye. 
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sense that it mainly occurs along the ab-plane, even though 
some contribution from the c-axis is possible. Instead, we 
cannot say what is the orientation of current injection with-
in the ab-plane. 

Figure 7(c) shows some spectra on undoped crystals, 
measured in ab-plane contacts, and displaying a predominant 
tunnel character. The spectra display a V-shaped minimum 
at zero bias, and clear changes of slope at two different 
energies, i.e., 5–6 meV (green arrows) and 2.7–3.0 meV 
(cyan arrows) that can be interpreted as the hallmarks of 
two gaps of different amplitude. These values compare well 
with the positions of the maxima in STS curves measured 
in K-12442 shown in Fig. 5(a). Exactly as in the STS spec-
tra, additional features at about 10 meV can be clearly seen 
(red arrows). The spectra shown in Fig. 7(d) were instead 
measured either along the ab-plane or the c-axis (as indicated 
by labels) and clearly display an enhancement of conduct-
ance at low energies that can be attributed to Andreev re-

flection. Clearly, all these spectra (as 100% of the spectra 
in Rb-12442) present a conductance maximum at zero bias, 
and clear shoulders at 2.5±  meV (cyan arrows), 5±  meV 
(green arrows) and 10±  meV (red arrows), thus compatible 
with the observed structures in the tunneling regime. The 
persistence of these structures at the same energy in all the 
contacts suggests that the zero-bias maximum is not due to 
heating effects (since in that case, no spectroscopic fea-
tures would be observed) and that the local minima are not 
“dips” due to the critical current [42, 43] (since their posi-
tion would depend on the contact resistance). Rather, it is 
strongly suggestive of a gap with nodes. Its physical origin 
is however different depending on the direction of the cur-
rent injection. 

4.2. Origin of the zero-bias maximum in ab-plane  
and c-axis contacts 

The model for Andreev reflection at the interface be-
tween a normal metal and an anisotropic superconductor 
was first proposed by S. Kashiwaya and Y. Tanaka [44–46] 
as an extension of a previous model by Blonder, Tinkham, 
and Klapwijk (BTK model) [47]. This model is essentially 
2D and predicts that, when the injection occurs in the basal 
plane, an electron incident on the N/I/S interface with a 
wavevector Nk  that makes an angle θ with the normal to 
the interface n can undergo four processes, whose proba-
bilities depend on the height of the potential barrier at the 
interface (modeled by the dimensionless parameter Z ), and 
on the energy of the electron: (i) Andreev reflection, that 
consists in the transmission of a Cooper pair in S and in the 
retroreflection of a hole in N; (ii) normal reflection in N; 
(iii) normal transmission as an electron-like quasiparticle 
(ELQ) at an angle θ with n; (iv) transmission as a hole-like 
quasiparticle (HLQ) at an angle −θ  with n. A schematic 
picture of these processes is given for example in Ref. 46. 

If the superconducting order parameter depends on k , 
HLQ and ELQ may feel different values of it, i.e., H∆  and 

E∆ . For example, let us assume that the gap has a d  sym-
metry; if n is parallel to the antinodal direction, HLQ and 
ELQ feel the same gap irrespective of the angle of inci-
dence θ. But, if n makes an angle 0α ≠  with respect to the 
antinodal direction, H∆  and E∆  will have different sign for 
some values of θ. This gives rise, for any > 0Z , to zero-
energy states at the surface (called Andreev bound states) 
which arise from the positive interference between HLQ 
and ELQ [44–46]. These states contribute to the conduc-
tion through the junction and give rise to a zero-energy 
peak [48]. 

Figure 8(a) shows some examples of theoretical spectra 
calculated in the case = / 4α π , at finite temperature T = 1 K, 
assuming a single 2 2x yd −  gap of amplitude = 1 meV∆ , and 
for different values of the barrier parameter Z. The Z = 0 
spectrum shows a zero-bias maximum that is due to the 
availability of low-energy unpaired quasiparticles, since in 
the absence of a potential barrier at the interface the only 

Fig. 7. (Color online) (a) Photograph of a c-axis soft point contact 
realized with Ag paste in a flat, mirror-like area of a Rb-12442 
single crystal. (b) Photograph of an ab-plane soft point contact 
realized without Ag paste along the sharp edge of the same crystal. 
(c) Three representative examples of point-contact differential con-
ductance spectra acquired along the ab-plane of Rb-12442 crystals 
in the tunneling regime. All spectra show a V-shaped minimum. 
(d) Three representative examples of point-contact differential 
conductance spectra acquired either along the ab plane or the c-axis 
of Rb-12442 crystals in the Andreev-reflection regime. All spec-
tra show either a peak (ab-plane) or a cusp (c-axis) at zero bias, 
indicating the presence of nodes on at least one energy gap. 
In both (c), (d), the blue, green and red arrows highlight the spec-
tral features associated to the small and large SC energy gap, and 
the high-energy bosonic modes respectively. All the spectra have 
been vertically rescaled and shifted to facilitate the visual com-
parison of the position of the structures; therefore, the units on the 
vertical axes are arbitrary. Some of the data is adapted with per-
mission from Ref. 41. 
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possible processes are Andreev reflection and normal trans-
mission as ELQ, and therefore there is no quasiparticle inter-
ference [44–46]. On increasing Z , the zero-bias maximum 
progressively turns into a true peak whose height increases 
and whose width instead decreases. For /8α π , the zero-
bias peak is accompanied by two symmetric maxima at the 
gap edges. Some additional examples of calculated spectra 
can be found in Ref. 49 and in Ref. 18. 

When the current is injected perpendicular to the basal 
plane, as in c-axis contacts, HLQ and ELQ (that are injected 
symmetrically with respect to the zk  axis) always feel order 
parameters with the same sign, as shown in the schematic 
picture of Fig. 8(b). In this case, therefore, there is no quasi-
particle interference and the zero-bias peak never occurs 
[44, 45]. Owing to the cylindrical FSs observed by ARPES 
in Rb-12442, to model this situation we used the approach 
described in Ref. 50 in which the integration is made over 
a thin cylindrical belt, symmetric about the basal plane 
(i.e., over all the azimuthal angles φ and a small interval of 
inclination angles θ centered about / 2π ). The limitation in 
the angles of integration, dictated by the geometry of the sys-

tem, enhances the effect of the Z parameter very much, so 
that the values of Z that are usually required to fit our c-axis 
spectra are much smaller than those usually required to fit 
the ab-plane ones. This is simply a consequence of the dif-
ferent integration domains and does not mean that the po-
tential barrier is different along the two directions. Figure 8(b) 
reports some theoretical spectra, calculated for a c-axis con-
tact using the same parameters as in panel (a). The = 0Z  
spectrum is very similar to that obtained in the ab-plane case, 
but on increasing Z  a V-shaped zero-bias minimum progres-
sively sets in. 

4.3. Fit of the point-contact spectra 

The zero-bias structures of the point-contact spectra 
prevent any fit with one or two nodeless gaps. Therefore, 
we first tried to fit them with a two-band effective model in 
which one gap is nodal and the other is nodeless. The nodal 
gap was expressed for simplicity as a d-wave one, and thus 
we will call this model s–d. We thus used a two-band ver-
sion [18, 51] of the 2D-BTK model [46, 47] in which the 
differential conductance due to Andreev reflection is calcu-
lated separately for the two bands, and the total conduct-
ance is just a weighted sum of the two contributions 

 1 1 2 2( ) = ( ) ( )G E w G E w G E+ , (4) 

where 1 2 = 1w w+ . Here, ( )iG E  is the contribution to the 
normalized conductance due to the ith gap. Its actual ex-
pression involves an angular integration whose form de-
pends on whether the current is injected in the ab-plane or 
along the c-axis [see Eq. (4) in Ref. 50]. Equation (4) is 
clearly an approximation, which is correct only in some con-
ditions, as discussed in Ref. 12 (e.g., it was shown to hold 
in MgB2 [52]), because the correct expression of the total 
conductance (at = 0T ) is instead [12, 51] 
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Here, ( )i n Eσ k  is the normalized differential conductance, 
calculated by using the 1D BTK model [47], in the i th band 
and for the wavevector k , when the current is injected 
along n. The symbol FSi

〈 〉  indicates an integral over 
the ith sheet of the FS, and , =i n iv ⋅k kv n  is the projection 
along n of the Fermi velocity on the ith band and at wave-
vector k . The normal-state barrier transparency ,i nτ k  is 
given by 
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τ
+ +

k
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k
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where , =N n Nv ⋅v n, Nv  being the Fermi velocity in the 
normal bank, and Z  is the barrier parameter. 

Fig. 8. (Color online) (a) Theoretical differential conductance 
spectra calculated at = 1T  K by using the model of Ref. 46 for 
a d-wave gap, in the case of in-plane injection along the nodal 
direction ( = / 4α π ). The parameter Z expresses the height of the 
potential barrier at the interface, i.e., Z = 0 corresponds to a direct 
N/S junction, while Z →∞ corresponds to an ideal S/I/N junction. 
On increasing Z, the zero-bias maximum due to the zero-energy 
quasiparticles evolves toward a zero-bias peak due to Andreev 
bound states. (b) Same as in (a), but for c-axis current injection. 
Here, the model used is that reported in Ref. 50, in which integra-
tion is made over a thin cylindrical belt which represents the 2D FS. 
The values of Z are much smaller than in the other case because 
the small angular region of integration enhances the effect of the 
barrier parameter. No peaks associated to the Andreev bound 
states are predicted for any Z because ELQ and HLQ always 
“feel” the same order parameter. 
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The function ( )i n Eσ k  that appears in Eq. (5) contains the 
gap ( )i∆ k  and the normal-state barrier transparency ,i nτ k . 
Therefore, in general ( )i n Eσ k  does depend on k  and can-
not be taken out of the integral at the numerator [12, 51]. 
On the other hand, since the material possesses several 
bands and we do not know exactly on which of these bands 
the gap(s) we measure reside, we cannot properly evaluate 
the Fermi velocities and their components. Thus, we simply 
cannot use Eq. (5) and we must make a rough, but unavoid-
able, approximation and use Eq. (4) instead. The weights 
that appear in such equation must be taken as phenomeno-
logical parameters that certainly depend on the geometry 
of the FS and on the direction of current injection, but un-
fortunately in a way which is difficult, if not impossible, to 
understand in detail. The “rule of thumb” of associating the 
weight of a FS sheet in the total conductance to the area of 
its projection on a plane perpendicular to n is also not cor-
rect here, because it only holds in the case = 0Z  and for 
isotropic gaps [12, 53]. 

Using Eq. (4) implies that the BTK fitting parameters 
i∆  and iZ  only appear inside the expression of iG . As usual, 

we also introduced a broadening parameter iΓ  for each of 
the gaps [54, 55] that appears as an imaginary part of the 
energy. This broadening parameters accounts for intrinsic 
effects (i.e., due to the finite quasiparticle lifetime) but also, 
and much more significantly, for extrinsic effects related, 
for example, to inelastic quasiparticle scattering processes 
occurring near the N/S interface and due, in turn, to surface 
degradation, contamination, etc. In general, large Γ  values 
are necessary when the experimental Andreev signal is 
significantly reduced with respect to the theoretical predic-
tion of the 2D-BTK model. 

Figure 9(a) reports the normalized spectrum (symbols) 
of an ab-plane contact on undoped Rb-12442 (i.e., the com-
pound with no Ni substitution) with the relevant s–d fit 
(red solid curve). Here, the s-wave gap is responsible for 
the shoulders at about 5 meV, while the lower-energy max-
ima and the zero-bias peak are both ascribed to the d-wave 
gap. This happens, indeed, when the current is injected in 
the ab-plane at an angle < / 4α π  with respect to the anti-
nodal direction (here = / 9α π ). An example of c-axis 
spectrum in undoped Rb-12442 is shown in Fig. 9(b). Here, 
the s-wave gap gives rise to the shoulders around 5 meV 
and the d-wave gap to the zero-bias cusp that cannot be ob-
tained otherwise. Note that the fit unambiguously requires 
that the smaller gap is nodal and the larger one is nodeless. 
The fitting parameters corresponding to the s–d fit of 
Figs. 9(a) and 9(b) are listed in Table 1. The weight there in-
dicated refers to the d-wave gap, and is higher in the ab-plane 
case than in the c-axis one. The broadening parameters are 
smaller than the corresponding gap, although their values 
are by far too high for the broadening to be intrinsic — 
rather, they probably account for surface degradation or, 
even more probably, for the fact that, while we can use a 
model with at most two gaps, there is a distribution of gap 

Table 1. Summary of the fitting parameters of the two-gap 
BTK curves shown in Fig. 9, for both the s–d and the d–d model. 

i∆  are the superconducting energy gaps iΓ  the broadening param-
eters iw  the weight of the small nodal energy gap, and α  the di-
rection of current injection with respect to the antinodal direction 
in ab-plane contacts 

 
Undoped 5% Ni-doped 

ab-plane 
Fig. 9(a) 

c-axis 
Fig. 9(b) 

ab-plane 
Fig. 9(c) 

c-axis 
Fig. 9(d) 

s–d model 

s∆ , meV 5.9 4.5 3.9 3.0 

d∆ , meV 3.0 1.9 1.9 1.45 

sΓ , meV 0.7 1.9 0.7 0.3 

dΓ , meV 0.6 0.5 0.5 0.075 

sZ  0.37 0.32 0.1 0.1 

dZ  0.8 0.5 0.4 0.002 

dw  0.9 0.34 0.65 0.85 
α  20° / 45° / 

d–d model 

1∆ , meV 4.8 5.5 3.5 3.1 

2∆ , meV 3.0 1.5 1.5 1.2 

1Γ , meV 3.2 1.6 1.2 0.4 

2Γ , meV 0.6 0.5 0.1 0.001 

1Z  0.95 0.04 0.1 0  

2Z  0.8 0.002 0.47 0  

2w  0.1 0.2 0.2 0.5 
α  20.81° / 45° / 

 

Fig. 9. (Color online) Low-temperature directional PCARS spec-
tra (symbols) on single crystals of RbCa2(Fe1 x− Ni x)4As4F2 with 

= 0x  (a), (b) and = 0.05x  (c), (d), and corresponding two-gap 
fits of the spectra either in an s–d model (solid red lines) or in a d–d 
model (dashed blue lines). All fitting parameters are summarized 
in Table 1. Adapted from Ref. 41. 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/10

.00
19

68
8



Spectroscopic studies of the superconducting gap in the 12442 family of iron-based compounds 

Low Temperature Physics/Fizyka Nyzkykh Temperatur, 2023, Vol. 49, No. 7 855 

values [51] with rather similar amplitude on different Fermi 
surfaces, as suggested by ARPES experiments [15]. 

In both Figs. 9(a) and 9(b), the experimental spectra also 
display structures (that fall approximately between 7.5 and 
15 meV, as highlighted by the grey regions) that are per-
fectly consistent with those observed by STS but whose 
origin is not clear. As a matter of fact, it is well known that 
in all the Fe-based compounds, in addition to the structures 
associated to the energy gap(s), the point-contact Andreev-
reflection spectra present higher-energy structures that are 
produced by the strong coupling between carriers and the 
bosonic mode responsible for the pairing [18, 20, 56]. In-
deed, if one uses the Eliashberg theory [57] to calculate the 
energy-dependent order parameters and then puts them in 
the Tanaka–Kashiwaya model for Andreev reflection [46], 
one obtains that these structures occur at an energy which 
is approximately max=p bE Ω + ∆ , where bΩ  is the energy 
of the spin resonance (that corresponds to the characteristic 
energy of the spectrum of the pairing bosons) and max∆  is 
the amplitude of the larger gap. There are no data about 
the spin resonance in Rb-12442 but we know that it falls 
at about 16 meV in K-12442 and at 15 meV in Cs-12442, 
obeying the phenomenological law = 5.8b B ck TΩ  [16]. 
If this is true, in undoped K-12442 where 30cT   K one 
should have 15bΩ   meV, and the electron-boson structures 
should fall at an even higher energy, which is incompatible 
with the features showing up already at 10 meV. This is one 
of the puzzles of 12442 superconductors that would deserve 
deeper investigation. Independent of their actual nature, the 
additional structures that fall in the grey regions must be ex-
cluded from the fit because they cannot be reproduced by the 
BCS-based models for Andreev reflection we are using here. 

In the 5% Ni-doped crystals, whose critical temperature 
is reduced by almost 10 K with respect to the undoped ones, 
the shape of the spectra remains consistent. Two examples 
of such spectra, for an ab-plane and a c-axis contact, are 
shown in Figs. 9(c) and 9(d), respectively. The experimental 
spectra (symbols) display zero-bias peaks or cusps that, 
again, suggest the existence of a nodal gap that we can re-
present as a d-wave one. The additional, higher-energy struc-
tures persist as well, but now they occur between 5 and 
12.5 meV and thus fall very close to the edge of the large gap, 
which makes it more difficult to disentangle the relevant 
contribution. Note that, again, the position of these struc-
tures is incompatible with a spin resonance energy that, 
according to the phenomenological law, should be at 

= 5.8 = 10b B ck TΩ  meV, if the position of the peaks pE  
has to be equal to maxbΩ + ∆ . In the ab-plane spectrum of 
Fig. 9(c), the high zero-bias peak can be ascribed to the 
current being injected along the nodal direction ( = / 4α π ), 
which maximizes the constructive interference between 
HLQ and ELQ. In the c-axis spectrum of Fig. 9(d), instead, 
the zero-bias peak can be ascribed to the existence of zero-
energy quasiparticle states at the gap nodes. The fitting pa-
rameters are reported in Table 1. The broadening para-

meters remain smaller than the corresponding gap ampli-
tude; at variance with the undoped crystal, the weight of 
the d-wave gap is smaller for ab-plane contacts than for 
c-axis ones. In the c-axis case, the barrier parameter dZ  
looks very small, but this is due to the aforementioned 
“Z-enhancing effect” of the different angular integration [18]. 

All curves for undoped and 5% Ni-doped crystals, both 
in ab- and c-axis configurations can be fairly well fitted, in 
their central part, by an s–d model, although the contribu-
tion of the s-gap is often barely visible. One can actually 
note that in all cases (and not only in the examples shown 
in Fig. 9) the amplitude of both the gaps is systematically 
smaller in c-axis contacts than in ab-plane contacts. Owing 
to the 2D nature of the FS, it is difficult to ascribe this dif-
ference to an out-of-plane anisotropy of the gaps; rather, 
this might be an artifact due to the fact that the models 
used for ab-plane and c-axis contacts have the same physical 
meaning, but involve very different angular integrations. 
This difficulty could be overcome only by using a general-
ized 3D model that takes into account the real shape of 
the FS [18]. 

As already pointed out, the s–d model could mimic a 
nodal s± gap structure, with accidental nodes on some FS 
[Fig. 2(b)], or a 2 2x yd −  symmetry with nodes only on the 
hole-like FSs [Fig. 2(c)]. If ARPES measurements are right, 
the small gap (that is always seen as the nodal one, not only 
in our point-contact measurements but also in SRµ  spectro-
scopy) does not reside on the electron-like FSs but rather 
on the outer hole-like FS γ . Moreover, the spectral weight 
of the electron pockets is very likely to be vanishing in point-
contact measurements as well as in STS measurements. 
Therefore, the observed PCS spectra could indicate that 
accidental nodes open up on the outer hole-like FS, which 
carries the smaller gap, within a nodal s± symmetry. The fact 
that the evidences of nodes persist upon Ni doping, however, 
raises some doubts about their accidental nature. Indeed, 
the Ni content = 0.05x  is very close to the compensation 
condition where = 0HR ; therefore, such doping gives rise to 
a sensible reduction (increase) in the size of the hole-like 
(electron-like) FS sheets, thus pushing the system toward 
“milder” conditions. At the same time, Ni substitution intro-
duces disorder, and this often results in a disappearance of 
the accidental nodes [58]. Here, the Ni substitution seems 
not to affect either the number of the gaps, or the presence 
of nodes, despite the clear effect on the size of the FSs. 

If nodes are symmetry-protected, and not accidental, the 
symmetry must be a d-wave one, with lines of nodes inter-
secting each other in the Γ  point and crossing all the hole-
like FSs [and, if the symmetry is xyd , also the electron-like 
ones, as shown in Fig. 2(d)]. But since in these compounds 
the hole-like FS sheets host the entire range of gap ampli-
tudes (from 2 meV at the γ  surfaces, to about 7 meV at the 

2β  surface) this symmetry would necessarily imply that all 
the gaps are nodal (maybe apart from the one residing on 
the electron-like FS, which is probably difficult to detect). 
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We thus tried to fit the point-contact Andreev reflection 
spectroscopy (PCARS) spectra with a d–d model, i.e., by 
using two d-wave gaps with the nodes in the same direc-
tion. In practice, this translates into using the same angle α 
(between the normal to the interface and the antinodal di-
rection) for both gaps. The best-fitting curves to the exper-
imental data of Fig. 9 are represented by dotted blue lines. 
Clearly, these curves are hard to distinguish from the red 
ones, meaning that the d–d fit works as well as the s–d one. 
The fitting parameters are reported in Table 1. Here, the 
weight indicated refers to the small d-wave gap, and its 
value is systematically smaller in the ab-plane case than in 
the c-axis one in both the undoped and the 5% Ni-doped 
crystals. In c-axis contacts, the values of the barrier param-
eters are very small, and in the last case practically zero 
(they are not exactly zero to avoid divergences and numer-
ical problems) but, as usual, this can be an artifact due to 
the angular integration [50]. Overall, the parameters of 
the d–d fit vary in a more systematic way than those of 

the s–d fit on going from the pristine to the doped sample, 
and from ab-plane to c-axis contacts. 

Figure 10 shows the amplitudes of the gaps obtained by 
using the s–d model (panel a) and the d–d model (panel b), 
as a function of the critical temperature of the contact. In 
the case of the s–d model [Fig. 10(a)], the data are rather 
scattered and, although the small and the large gap are al-
ways clearly distinct in a single spectrum, the regions in 
which they fall (highlighted by colors) nearly overlap. The 
value of a BCS s-wave gap (i.e., BCS = 1.76s B ck T∆ ) is also 
shown by a dotted line. The values of the larger s-wave gap 
are generally (but not always) greater than the BCS one, 
while the amplitudes of the small d-wave gap are systemat-
ically smaller than that, in all contacts and for any cT . In 
the case of the d–d model [Fig. 10(b)], the scattering of the 
data is much smaller, there is no clear dependence on the 
direction of current injection, and the regions in which the 
gap amplitudes fall are better separated. The dotted line, in 
this case, represents the value of a single, BCS d-wave gap 
(i.e., BCS = 2.14d B ck T∆  [59]). 

5. Coplanar waveguide resonator analysis 

Since the first evidence of nodes in the gap of 12442 
compounds was provided by mSR measurements of the 
superfluid density on polycrystalline samples [27–29], we 
decided to investigate this property also on the samples 
measured with PCARS. This is especially beneficial since 
the phase purity of our single-crystal samples allows us to 
exclude the possibility of contributions from residual nodal 
122 phases that could exist in polycrystals. 

We determined the superfluid density of our Rb-12442 
single crystals via coplanar waveguide resonator (CPWR) 
measurements [60, 61], which is a technique ideally suited 
at analyzing small-size crystals where mSR experiments 
would otherwise be impractical. In the CPWR approach, 
one measures the modifications to the resonance of a high-
temperature superconducting resonator due to the presence 
of a small sample coupled to it. Exploiting a cavity pertur-
bation approach, and after suitable calibration, it is then 
possible to extract the London penetration depth and hence 
the superfluid density of the investigated sample [62]. Simi-
lar to what was reported for the mSR measurements on the 
polycrystals, it is then possible to fit the experimental Sρ  
data with a suitable theoretical model [63, 64]. Considering 
a two-gap BCS approach, one can write the superfluid den-
sity as [65]: 

2

2 2
0 ( , )

1( ) = 1
( , )

S i
i T ii

f EdEdT w
E E T

π ∞

∆ f

 ∂ f ρ + π ∂ − ∆ f 
∑ ∫ ∫ , 

where i  identifies the band, ( , )i T∆ φ  is the superconduct-
ing gap function, 1= [1 exp ( / )]Bf E k T −+  is the Fermi 
function and iw  is the mixing weight of the ith gap contri-
bution (constrained by 1 2 = 1w w+ ). One can factorize 

Fig. 10. (Color online) Amplitude of the superconducting energy 
gaps obtained from the fits of the experimental PCARS spectra vs 
the Andreev critical temperature of each point contact, using 
either the s–d model (a) or the d–d model (b) for the symmetry of 
the energy gap. The colored regions are bound by lines of con-
stant gap ratio 2 / B ck T∆ . The dashed lines are the gap amplitudes 
expected for single BCS gaps with s-wave (a) or d-wave (b) 
symmetry. Adapted from Ref. 41. 
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the angular and temperature dependencies of the gap as 
0,( , ) = ( ) ( )i i TT f f Tf∆ f ∆ f , where the angular function for 

d-wave (nodal) superconductors is ( ) = cos (2 )ff ff   and the
temperature dependence can be approximated as

0.51
c( ) = tanh 1.82[1.018( / 1)]Tf T T T −  .

The superfluid density data and the BCS fits are shown 
in Fig. 11. Our samples exhibit a linear temperature depend-
ence of Sρ  within the experimentally accessible temperature 
range, and the absence of kinks in the superfluid density 
curve. This latter feature is consistent with single-band su-
perconductors and multigap systems with mainly interband 
coupling, such as the pnictides. When a multigap supercon-
ductor has predominant interband coupling, the supercon-
ducting gaps tend to show a gradual decrease and simulta-
neous closure at cT  — as evidenced by PCARS in our 
samples [41] — and this results in a smooth superfluid density 
curve. Compared with the mSR experiments on Rb-12442 
polycrystals [29], our measurements display a less pro-

nounced curvature at high T  and a wider T  range where 
the behavior of Sρ  is quite linear, particularly in Ni-doped 
samples. These differences may be attributed to the type of 
samples (single- vs polycrystalline). Nonetheless, the data 
from all doping levels of our samples series can be fitted 
with a BCS model involving two d-wave gaps, resulting 
in SC gap values that are consistent with those found by 
PCARS, as shown in Fig. 12(a). Similarly good fits can be 
obtained by fitting the data with an s–d model, analogously 
to what was found in the mSR experiments, possibly due to 
the contribution of several bands to the overall density. 
The gap values obtained by fitting the data are summarized 
in the table contained in Fig. 11.  

6. Comparison between data from different
spectroscopic techniques in 12442 compounds 

The results in literature are difficult to reconcile with 
one another, and the results of point-contact spectroscopy 
and CPWR measurements, unfortunately, do not solve the 
puzzle of the gap symmetry and structure, although the 
amplitudes of the gaps are in good agreement with those 
observed by ARPES and STS. Figure 12(a) reports the cT  
dependence of the gaps obtained via PCARS and CPWR 
within the d–d model, but similar ranges are obtained also 
with the s–d model, as evidenced in Fig. 10(c) and Fig. 11. 

A comparison with the results of ARPES [15] [Fig. 12(b)] 
gives good results as far as the gap amplitudes are con-
cerned. In particular, the range of “large” gaps determined 
by fitting the PCARS spectra and the superfluid density 
correspond very well with the range in which the gaps re-
siding on the α, β, and δ  FSs are detected by ARPES. 
These gaps are very likely not to be distinguishable by point-
contact spectroscopy especially because, in order to keep 
the number of fitting parameters within a reasonable limit, 
we cannot use more than two gaps at a time. Hence, the large 
gap we observe may actually be a sort of convolution of 
different gaps of similar amplitude, residing on different FSs. 
The gap on the γ  FSs corresponds rather well to the small 

Fig. 12. (Color online) Comparison between the values of the superconducting energy gaps obtained via PCARS and CPWR on 
Rb-12442 [41] (a), ARPES on K-12442 [15] (b), STS on K-12442 [34] (c), and mSR on K-12442 [27], Cs-12442 [28], and Rb-12442 [29] (d). 
Panels (a)–(c) are adapted from Ref. 41, Ref. 15, and Ref. 34, respectively. 

Fig. 11. (Color online) Temperature dependence of the normalized 
superfluid density [ ] 2= ( = 0) / ( )S T Tρ λ λ  measured by CPWR 
(symbols) on single crystals with = 0x  (gray), 0.03 (red), and 
0.05 (blue) and their d–d BCS fits (solid lines with same color 
code) and s–d fits (dashed lines). Adapted from Ref. 41. 
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gap we determined by PCARS and CPWR, irrespectively 
of the model used to fit the data (s–d or d–d). 

As far as STS is concerned, the distribution of gap val-
ues reported in Ref. 34 [Fig. 12(c)] agrees rather well with 
the range of the large gap we detect via PCARS and 
CPWR — again, irrespectively of the specific model used. 
The smaller gap we measured, instead, corresponds to the 
position of the small peaks observed in some of the STS 
spectra and attributed to impurity states, rather than to a 
superconducting gap. Actually, the fact that STS is unable 
to detect the small gap that according to ARPES resides on 
the largest hole-like FS, is rather puzzling. 

Conversely, the gap amplitudes determined by mSR 
[Fig. 12(d)] are in poor agreement with the results of all 
the more direct spectroscopic techniques. In particular, the 
d–d fit of the superfluid density measured by mSR gives 
amplitudes of the large gap that fall out of the vertical 
scale, being equal to 14 meV in both K-12442 [27] and 
Rb-12442 [29]; the small gap is instead in better agreement 
with the one determined by the other techniques, being equal 
to 1.8 meV in K-12442 [27] and 1.3 meV in Rb-12442 [29]. 
Similar amplitudes of the nodal gap are given by the s–d fit 
to the superfluid density, which gives values that are always 
smaller than 2 meV (and precisely, 1.8 meV in K-12442 [27], 
0.9 meV in Rb-12442 [29], and 1.5 meV in Cs-12442 [28]). 
Concerning the large gap, the agreement between mSR and 
the other techniques is improved when the s–d fit to the super-
fluid density is considered. Nevertheless, the nodeless gap 
remains by far too big with respect to the ones determined 
by ARPES: 10 meV in K-12442 [27], 8 meV in Rb-12442 
[29], and 7.5 meV in Cs-12442 [28]. Since the fits to the su-
perfluid density measured via CPWR — using both s–d and 
d–d models — give gap amplitudes in excellent agreement 
with those obtained via other spectroscopic techniques, this 
mismatch could be potentially ascribed to the polycrystal-
line nature of the samples probed via mSR. This further 
highlights the importance of relying on samples with ex-
cellent phase purity when attempting an accurate quantita-
tive investigation of the intrinsic properties of a given com-
pound. 

In contrast with the gap amplitudes, the evidence of 
nodal quasiparticle states in 100% of the PCARS spectra 
are completely at odds with the results of both ARPES and 
STS in K-12442, while they are in agreement with the lin-
ear low-temperature dependence of the superfluid density 
as probed by both mSR and CPWR. In principle, this dis-
crepancy calls for further measurements of ARPES and 
STS in this specific compound and, in general, indicates 
the great complexity of these iron-based compounds. 

7. Conclusions 

The recently-discovered 12442 compounds are one of 
the most peculiar and interesting families among iron-
based superconductors. Their structure, made up of FeAs 
bilayers separated by insulating CaF2 layers, makes them 

highly anisotropic and similar, in many respects, to double-
layer cuprates. Nonetheless, the extent to which these com-
pounds can be considered as the iron-based counterpart of 
cuprates is still poorly understood, especially as it pertains 
to the symmetry of the superconducting order parameter. 
In this work we have reviewed the structural, electronic 
and superconducting properties of this class of materials, 
with a specific focus on the structure and symmetry of the 
superconducting energy gap as probed by different spectro-
scopic techniques, including angle-resolved photoemission 
spectroscopy (ARPES), muon spin rotation (mSR), scanning 
tunneling spectroscopy (STS), point-contact Andreev reflec-
tion spectroscopy (PCARS) and coplanar waveguide reso-
nator (CPWR) measurements. 

While nearly all experimental probes agree in detecting 
the presence of multiple superconducting gaps opening on 
the complex, multi-band Fermi surface of these compounds, 
the exact amplitudes pertaining nominally to the same gaps 
vary between the different techniques. In the undoped com-
pounds, mSR systematically observes the larger gap to lie 
at much higher (and possibly nonphysical) energies with re-
spect to the other techniques (4–7 meV); conversely, STS 
ascribes the spectral features observed at about V2 me  
(where other probes detect the opening of the smaller gap) 
to the presence of defect states. Additionally, both PCARS 
and STS observe the presence of spectral features around 
10 meV — not detected by other techniques — which re-
main of unknown origin, being hard to reconcile either with 
the presence of an even larger gap or to electron-boson coupl-
ing. The starkest disagreement is however found in the sym-
metry of the order parameter, with neutron scattering, optical 
conductivity, thermal conductivity, STS, and ARPES mea-
surements being most compatible with nodeless energy 
gap(s), while mSR, specific heat, PCARS and CPWR all 
exhibit unambiguous evidence for the existence of quasi-
particle nodal lines on at least one, small energy gap. Further-
more, PCARS and CPWR show these nodal lines to be sur-
prisingly robust against Ni doping, hinting at the fact that — 
at least in the Rb-12442 compound — these might be sym-
metry-imposed (i.e., associated with a d-wave symmetry of 
the order parameter) rather than accidental (i.e., associated 
with the more standard nodal s± symmetry). 

Since, up to now, the aforementioned spectroscopic 
techniques have been applied to different members of the 
12442 family, this complicated situation calls for further 
and more systematic investigations — by using comple-
mentary experimental tools on single crystals of the same 
compound — and possibly for quasiparticle interference 
experiments, that are considered to allow a robust determina-
tion of the gap structure in iron-based superconductors [66]. 
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Спектроскопічні дослідження надпровідної щілини 
в сімействі 12442 сполук на основі заліза 

(Огляд) 

Erik Piatti, Daniele Torsello, Gianluca Ghigo, 
Dario Daghero  

Сполуки на основі заліза так званого сімейства 12442 є дуже 
своєрідними в різних аспектах. Вони походять зі зрощення 
будівельних блоків 122 і 1111, демонструють велику анізотро-
пію в площині та поза площиною, мають подвійні шари FeAs, 
розділені ізоляційними шарами, і загалом дуже схожі на дво-
шарові купрати. Крім того, вони є стехіометричними надпро-
відниками через власне легування дірками. Таким чином, вста-
новлення їхніх надпровідних властивостей, зокрема, симетрії 
параметра порядку, є особливо актуальним для того, щоб зрозу-
міти, якою мірою ці сполуки на основі заліза можна вважати 
аналогом купратів. Розглянуто результати різних методів із 
поточної літератури та порівняно їх з отриманими в Rb-12442 
шляхом поєднання мікроконтактної спектроскопії андре-
євського відбиття та вимірювань надплинної густини на ком-
планарному хвилевідному резонаторі. Виявляється, що сполука 
має принаймні дві щілини, одна з яких, безумовно, є вузловою. 
Детально обговорено сумісність цього результату з теоретично 
дозволеними структурами щілин, а також з іншими результа-
тами в літературі.  

Ключові слова: мікроконтактна спектроскопія, андреєвське 
відбиття, копланарний хвилевідний резона-
тор, нетрадиційна надпровідність, анізотропія 
параметра порядку, надпровідники на основі 
заліза.
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