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Abstract. We show that, by using the unit-cell transformation between 1 Fe per unit cell to 2 Fe per unit cell, 
one can qualitatively understand the pairing symmetry of several families of iron-based superconductors. In 
iron-pnictides and iron-chalcogenides, the nodeless s±-pairing and the resulting magnetic resonance mode 
transform nicely between the two unit cells, while retaining all physical properties unchanged. However, when 
the electron-pocket disappears from the Fermi surface with complete doping in KFe2As2, we find that the unit-
cell invariant requirement prohibits the occurrence of s±-pairing symmetry (caused by inter-hole-pocket 
nesting). However, the intra-pocket nesting is compatible here, which leads to a nodal d-wave pairing. The 
corresponding Fermi surface topology and the pairing symmetry are similar to Ce-based heavy-fermion 
superconductors. Furthermore, when the Fermi surface hosts only electron-pockets in KyFe2-xSe2, the inter-
electron-pocket nesting induces a nodeless and isotropic d-wave pairing. This situation is analogous to the 
electron-doped cuprates, where the strong antiferromagnetic order creates similar disconnected electron-pocket 
Fermi surface, and hence nodeless d-wave pairing appears. The unit-cell transformation in KyFe2-xSe2 exhibits 
that the d-wave pairing breaks the translational symmetry of the 2 Fe unit cell, and thus cannot be realized 
unless a vacancy ordering forms to compensate for it. These results are consistent with the coexistence picture 
of a competing order and nodeless d-wave superconductivity in both cuprates and KyFe1.6Se2. 

1 Introduction  
In superconductors, the key process that allows current to 
travel without resistance is the formation of electron pair 
that moves as a single quantum state. The mechanism of 
pairing in all classes of unconventional superconductors 
including cuprates, pnictide, chalcogenides, heavy-
fermion systems is still elusive. However, there are 
number of observations and theories that seem to be 
consistent across these materials, allowing us to make a 
comparative study and thereby, extract key properties that 
are relevant to understand and formulate the mechanism 
of superconductivity. (1) Dimensionality: The 
unconventional superconductivity in cuprates, [1,2] iron-
based compounds[3-6] and heavy-fermion [7,8] families 
occurs in their layered crystal structures. Moreover, it has 
also been shown, at least in some crystal structures, that 
the value of Tc increases as the number of 
superconducting (SC) layer is increased, and/ or the c-
axis lattice constant is increased in cuprates,[1,2] 
pnictides[9] and heavy-fermions[10]. In particular, the 
value of Tc increases almost linearly with the c/a ratio 
[7,10] (where a and c are the in-plane and out-of-plane 
lattice constant of their common tetragonal structure), and 
also with the spin-fluctuation temperature T0 (Ref. [11]), 
which are arguably interconnected. (2) Quantum 

critically: All these materials consistently exhibit a dome-
like behaviour of Tc as a function of doping, or pressure 
or magnetic field. The maximum value of Tc occurs in the 
vicinity of a quantum critical point of the normal state 
antiferromagnetic (AFM) or spin-density wave (SDW) 
order in cuprates,[12-17] Fe-based compounds, [18-22] 
and heavy-fermions [23-27]. There are numerous 
theoretical proposals suggesting that the critical 
fluctuations that drive the second order phase transition, 
also mediate or at least enhance pairing in these 
superconductors. [12-27] (3) Spin-resonance mode: The 
appearance of a strong magnetic mode at a characteristic 
spin-fluctuation wavevector Q has been observed 
consistently in cuprates,[28-32] pnictides,[33-38] and 
heavy-fermion[39-42]. The weak or intermediate 
coupling theories have shown that a sign-reversal of the 
underlying SC order parameter between the Fermi 
momenta connected by the wave vector Q, can explain 
the occurrence of this mode.[22,27,43-53] Such a link 
between the Fermi surface (FS) topology and the sign-
reversal SC gap seems to be consistent across all these 
materials,[32,53] indicating that the development of the 
magnetic mode, in turn, mediates Cooper pairing in 
repulsive interaction environment.  

In this paper, we mainly focus on the third scenario; 
however also comment on the relevant first and second 
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pictures for these families of superconductors. We point 
out some of the subtleties involved in deriving the link 
between the FS topology and sign-changing pairing for 
multiband systems. As a starting point, we take a FS 
which consists of two disconnected pockets situated at 
Γ(0,0,0) and M(π,π,0) momenta. This is the typical FS 
topology for iron-pnictide and iron-chalcogenides 
(single-layer) superconductors. Mazin et al. [47] have 
shown that the interband nesting between these pockets 
gives rise to a spin-resonance mode if the SC gap on each 
band is isotropic but changes sign between them. This 
scenario predicts a so-called s±-pairing symmetry. In real-
space, the s±-pairing leads to opposite SC phases between 
the two iron atoms sitting at the corner and the center of 
the Brilouin zone. Theories constructed based on 1 Fe 
atom per unit cell (hence say 1FUC) or 2 Fe atoms per 
unit cell (hence say 2FUC) obtain the same physical 
phenomena, given that one performs the same unitary 
transformation on the Fermi surface as well as on the 
pairing symmetry. [22,54,55]  

The situation becomes more complicated and exotic 
when the FS pocket either at Γ or at M point completely 
disappears. The aforementioned theory suggests that due 
to the lack of interband nesting to produce spin 
fluctuations, superconductivity should vanish. However, 
the material realization of both these situations with 
considerably large value of Tc in various iron-based 
superconductors have revamped our general consensus. 
We here show that the spin-fluctuation theory still holds, 
if the pairing symmetry changes accordingly to maintain 
the sign-reversal property. We propose here that the 
unitary transformation between 1FUC↔2FUC is a 
simple, yet very efficient tool to uncover the pairing 
symmetry that should be compatible with the lattice 
geometry, and also can given rise to a spin resonance. We 
will not perform any numerical calculation to test which 
pairing state is energetically favourable for a particular 
situation, but only provide the symmetry arguments for 
the possible pairing state.  

Our results include: (1) In iron-pnictide, the full hole-
doping completely eliminates the electron pockets from 
the M points in KFe2As2. The intra-hole-pocket nesting 
can, in principle, produce some form of s±-pairing that 
will continue to maintain both sign-changing and 
isotropic gap features. However, we show that the 
requirement for the invariance of the physical properties 
such as magnetic resonance under the 1FUC↔2FUC 
unitary transformation, is violated for this pairing state. 
On the other hand, an anisotropic and nodal d-wave 
pairing is consistent with all these properties and can also 
explains numerous experimental data in KFe2As2.[56-60] 
Considering the similarity of the FS topology between 
KFe2As2 and heavy-fermion superconductor CeCoIn5, we 
conjecture that the latter also hosts nodal d-wave pairing 
which leads to spin-resonance, consistent with 
experiment.[40] (2) The counter example of the above 
situation is also realized in double layered iron-
chalcogenide superconductors.[4-6] In this case, the 
electron-pocket at M point is eliminated by increasing 
number of iron-vacancies in the non-stoichiometric  
KyFe2-xSe2 crystal.[61-63] Both theories [22,50,52] and 
experiments [64-66] have demonstrated that isotropic and 

nodeless d-wave pairing is energetically favourable in 
this case, originating from intra-electron-pockets nesting. 
Our theoretical prediction of the spin-resonance [22] as a 
result of such nesting, has been observed recently by 
inelastic neutron scattering measurement.[67] The other 
possibilities of nodeless pairing such as s± or s++ or s--, 
[68,69] or even nodal pairings [70] may be 
incompatibility when performing the unit cell 
transformation including Fe vacancies.[54] Although, the 
nodal planes are present in the underlying d-wave pairing 
state, but they do not intersect the FSs, and thus the low-
energy quasiparticles exhibit fully gapped density of 
states at the Fermi level. The induction of nodeless and 
isotropic pairing on the FS, even when the underlying 
pairing symmetry is nodal d-wave is remarkably 
analogous to the electron-doped cuprates in their 
underdoped regime. In the latter case, the strong AFM 
ordering shrinks the large FS into small and disconnected 
electron pockets at M points, and thus nodeless d-wave 
pairing appears.[71,72] 

2 Unit-cell transformation in 122-crystal 

Fig. 1. (a) Unit-cell transformation between 1FUC↔2FUC 
(schematic). (b) FS topology of KxBa1-xFe2As2 superconductors 
(schematic) in the 1FUC. The black (negative) to white 
(positive) background represents the s±-pairing symmetry. (c) 
Same as (b), but in the 2FUC. 
 
Ba-based 122 pnictide superconductor, KxBa1-xFe2As2, 
belongs to the I4/mmm crystal symmetry in which two 
inequivalent Fe atoms reside at the corner and center of 
the Brillouin zone. For most of the practical purposes, 
these two Fe atoms are assumed to be equivalent, which 
allows us to construct a conventional two-dimensional 
unit cell containing only 1 Fe atom, see figure 1(a). The 
unitary transformation between 1FUC↔2FUC consists of 
45o rotation of the crystal with lattice constant a→a/√2 
which gives kx/y=(kx±ky)/2. In doing so, the M point of the 
Brillouin zone lies at (π,0) in 1FUC and at (π,π) in 2FUC. 
And the pairing function is sxy=2cos(kxa)cos(kya) and 
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s±=cos(kxa)+cos(kya) in 1FUC and 2FUC, respectively. In 
such transformation, the nodeless and isotropic natures of 
the pairing symmetry remain consistent in both cases. 
This situation can be understood by comparing figure 
1(b) for 1FUC with figure 1(c) for 2FUC. The resulting 
magnetic resonance mode, which occurs due to the sign 
reversal of the SC gap at the hot-spot vectors [blue and 
magenta arrows in figures 1(b) and 1(c)] appear on both 
unit cell notations at the same energy, but aligned along 
the q→(π,0) direction in the 1FUC and q→(π,π) direction 
in the 2FUC.[49,33-38] Furthermore, as α and β hole 
pockets acquire different magnitude of SC gaps, [73,74] 
we have shown in a previous calculation [51] that the 
spin excitation spectrum splits into two resonance energy 
scales. 

3 KFe2As2, no electron-pocket and nodal 
d-wave pairing 
While the nodeless nature of the pairing symmetry has 
been consistent with several measurements [20,73,74] in 
KxBa1-xFe2As2, the experimental finding of nodal SC state 
in its extreme doping regime, i.e. in KFe2As2 contradicts 
this scenario. Bulk measurements including NMR, 
[56,57] thermal conductivity, [58,59] penetration depth 
[60] clearly demonstrate the presence of a linear-in-T 
dependence in their low-temperature behavior, which is 
taken as a clear demonstration of the nodal SC state. The 
nodal structure has also been indicated in LaFePO 
[75,76] and BaFe2(As1-xPx) [77,78] systems.  

At fully hole-doped KFe2As2, the electron pockets 
disappear from the FS.[73,79] Since two remaining hole-
pockets are present at Γ and (π,π) points, one can argue 
that the s±-pairing in the 1FUC convention [same to the 
pairing state of KxBa1-xFe2As2 in the 2FUC] can be 
stabilized in this case, according to the theory of sign-
reversal SC pairing for the presence of a spin-resonance 
mode.[47-49] However, the requirement for the unitary 
transformation invariance between 1FUC↔2FUC 
contradicts this possibility. As we see in figure 2(b), both 
hole-pockets are now moved to Γ point in the 2FUC, 
while the pairing symmetry switches to sxy. As the sign-
changing does not occur for either intraband or interband 
nesting in this unit cell convention (which is the actual 
unit cell for this material), a spin resonance is prohibited 
to appear in the SC state. On the basis of this reason, s±- 
(or sxy-) pairing is ruled out for this case.  

Therefore, each pocket should host nodal lines that 
will pass through either the diagonal direction (dx

2
-y

2) or 
parallel to the zone boundary (dxy). Figure 2(c) depicts the 
situation for dx

2
-y

2-wave pairing in the 1FUC which 
transforms properly to the 2FUC, and all physical 
properties such as nodal and anisotropic quasiparticles, 
resulting spin-resonance mode remain unchanged in both 
unit cell notations. The dx

2
-y

2–wave pairing in the 1FUC 
transforms to an extended dxy=2sin(kxa/2)sin(kya/2) (not 
to be confused with the typical dxy pairing) in the 2FUC, 
and a spin-resonance mode will commence in the low-
energy region near q~(π,π) in the 1FUC and q~(π,0) in 
the 2FUC. Previously, a renormalization group theory 
calculation[79] finds that a combination of s± [figure 2(a)] 

Fig. 2. (a) FSs, hosting only hole-pockets (schematic), and s±-
pairing symmetry for KFe2As2 system in 1FUC. (b) In 2FUC, 
both hole-pockets collapse at Γ point and the pairing symmetry 
transformed to a sxy-wave one. Due to the lack of sign-reversal 
of the SC gap on the FS, no resonance is expected here. (c)-(d), 
Same as (a) and (b), respectively, but for d-wave pairing state. 
Arrows depict all possible dominant nesting channels. Due to 
sign-reversal, a resonance mode can be expected here. (e) The 
computed FS and d-wave pairing for heavy-fermion CeCoIn5 
superconductor. 

 

and dx
2

-y
2 [figure 2(c)] wave pairing which leads to an 

exotic nodal gap [cos(kxa)+cos(kya)][cos(kxa)-cos(kya)], is 
energetically favorable in this case. It should be noted 
that in the case when β pocket also disappears from the 
FS, dx

2
-y

2 pairing will still survive.  
 

3.1 Similarity between KFe2As2 and 
CeCoIn5 superconductors 
The characteristic similarity of the FS topology between 
KFe2As2 and heavy fermion CeCoIn5 system can be 
realized by comparing figures 2(c) and 2(e). The FS for 
CeCoIn5 is derived from tight-binding parametrization to 
the first-principles band structure, [80-82] which matches 
well with angle-resolved photoemission spectroscopy 
(ARPES) study [83] as well as with Shubnukov de-Haas 
van Alphen measurement [84]. Here, multiple FS 
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nestings along the diagonal direction dominate, while the 
nesting along q~(π,0) between α and β2 FSs is naturally 
weaker. Therefore, it is viable to conclude that a s±-wave 
pairing that appeared in KxBa1-xFe2As2 for the strong 
nesting along q~(π,0) in figure 1, will be overturned by 
the dx

2
-y

2-pairing, as in KFe2As2. A resonance will 
commence for the dx

2
-y

2-pairing which will be aligned 
along the q→(π,π) direction.[46] Experimental 
confirmation of the presence of spin-resonance resonance 
[40,39,41,42] and nodal dx

2
-y

2-wave pairing [85-88] has 
been obtained extensively in this class of materials.  

For PuCoGa5 and other actinide superconductors, the 
hole pockets at M-points are larger (and also more 
number of concentric pockets are present here [27]). A 
dx

2
-y

2-wave pairing will thus be favorable, consistent with 
superfluid density calculations.[89] For cuprates, a large 
hole-like FS is only present centering M point, stipulating 
a intraband nesting at Q~(π,π), and thus nodal dx

2
-y

2-
pairing appears.[43-45] 

4 KyFe2-xSe2, no hole-pocket and 
nodeless d-wave pairing 

 
 
Fig. 3. (a), (b) Schematic FS and d-wave pairing for KyFe1.6Se2 
system in the 1FUC and 2FUC, respectively. (c) ARPES results 
of FS (symmetrized on the whole Brillouin zone) for an 
electron-doped superconductor. Strong AFM order in 
underdoping eliminates the hole-pocket from the nodal region, 
and thus a nodeless d-wave pairing emerges in this cuprate 
system as in KyFe1.6Se2 system.  
 
We now study the case in which there is no hole pocket 
present on the FS. In principle, we can achieve this 
situation in iron pnictide materials via heavy electron 
doping; however at such large doping superconductivity 
also disappears.[90] On the other hand, the recently 

discovered superconductivity in iron-selenide compound 
in the 122 crystal structure with Tc ~ 37 K makes the 
material realization of this situation possible.[4-6] In 
these materials, the number of Fe vacancies in the crystal 
acts as a tuning parameter for the electronic states. Abov 
a certain value of Fe vacancies, the hole-pockets are 
removed from Γ point, and the FS accommodates only 
electrons pockets at M points, as shown in figure 
3(a).[61-63] The inter-electron-pocket nesting has been 
shown by numerous calculations to lead to a dx

2
-y

2 
pairing.[22,50, 52] However, unlike the nodal d-wave in 
KFe2As2 discussed in Sec. 3, here it is nodeless and 
isotropic. The singlet, [91] nodeless, and isotropic nature 
of the pairing has been observed by numerous 
experiments.[64-66] Again, based on the sign-reversal 
properties of this d-wave gap, random-phase 
approximation (RPA)-based susceptibility calculation has 
predicted the presence of a spin-resonance mode,[22] 
which is observed later by inelastic neutron scattering 
measurement.[67]  

The unitary transformation of the FS and the pairing 
symmetry to the 2FUC is more interesting. As seen in 
figure 3(b), both the FS pieces are accumulated at (π,π) 
point in the 2FUC and the extended dxy pairing in this unit 
cell leads to a sign change of the gap along q~(2π,0) 
direction. All the observables including nodeless, 
isotropic SC state, and the magnetic resonance mode are 
preserved in both unit cell notations. However, the 
pairing symmetry in the 2FUC clearly breaks the 
translational symmetry. Therefore, such pairing can only 
be realized if the pairing state appears when the normal 
state already accommodates the broken translational 
symmetry. It has been shown by numerous experiments 
including NMR, [92] transmission electron microscopy 
(TEM), [93] neutron diffraction, [94] and optical spectra 
[95] that these materials become superconducting exactly 
when the randomly created Fe vacancies form an ordered 
state. We have shown in our previous calculation [54] 
that such vacancy ordering leads to a structural transition 
from the I4/mmm structure to a lower-symmetry I4/m 
structure (also called √5×√5×1 unit cell), which is 
compatible with the d-wave pairing in any unit-cell 
notations. With a mean-field treatment, we have also 
demonstrated that the incommensurate nature of the 
vacancy order at Qv naturally promotes a charge density 
wave (CDW), orbital density wave (ODW) and spin-
density wave (SDW) at 2Qv, 3Qv, 4Qv.[54] The 
modulation vectors Qv, [96,97] 2Qv, [98] and 4Qv[94] 
have been observed experimentally for the vacancy 
concentration of KyFe1.6Se2, while 3Qv has yet not been 
reported. A strong enhancement of magnetism at 4Qv has 
been reported consistently to occur at the same time when 
vacancy order and superconductivity become turned on. 
[94,96] All these order parameters seem to coexist with 
d-wave pairing to lead to a `modulated superconductivity' 
or ‘staggered superconductvity’. In this case, all order 
parameters and superconductivity are tied to each other 
by symmetry considerations. Much like SO(5) symmetry 
for the AFM d-wave pairing [99] or SO(8) for `stripe’ d-
wave pairing [100] proposed for cuprates, in this iron-
selenide compound the modulated pairing will obey a 
SO(n) algebra, where the value of n will depend on Qv.  
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4.1 Similarity between KyFe1.6Se2 and 
underdoped Nd1.9Ce0.1CuO4  
 
It is interesting to compare the FS topology of KyFe1.6Se2 
with that of electron-doped cuprate Nd1.9Ce0.1CuO4. In 
the latter system, the strong AFM order breaks the fully 
metallic FS into electron pockets at (π,0) and its 
equivalent momenta and hole-pocket at (π/2,π/2). [101] 
When the strength of the AFM gap increases with 
underdoping, it eliminates the hole-pocket from the nodal 
region. And the FS is now left with only electron pockets, 
as observed by ARPES, [102] see figure 3(c). Therefore, 
the underlying dx

2
-y

2-pairing exhibits nodeless and 
isotropic feature, consistent with the exponential behavior 
of the penetration depth measurements.[71] This feature 
is generic to all electron-doped materials.[72] For this 
system, a magnetic resonance behavior is observed in 
inelastic neutron scattering measurement which is 
consistent with the same scenario of the sign-changing 
gap.[103] As doping increases and the AFM gap 
decreases, the hole-pocket appears at the nodal-point, and 
the nodal d-wave pairing is restored.[72] For hole-
doping, hole-pocket is always present, and thus the nodal 
gap structure persists at all doping.[53,104]  
 

5 Conclusions 
 
We show that the unitary transformation between 
1FUC↔2FUC can be a useful tool to understand the 
pairing symmetry of iron-based superconductors. For 
fully hole-doped doped 122 compound, KFe2As2, when 
electron-pocket disappears from the FS, we show that a 
s±-paring coming from the inter-hole-pocket-nesting is 
ruled out by the unit cell transformation invariance 
requirement. However, a nodal dx

2
-y

2-wave pairing is 
most likely be the stable pairing state in this case. This 
scenario is analogous the Ce-based heavy-fermion 
superconductors. Furthermore, for KyFe1.6Se2 systems, 
when the hole-pockets disappear, the inter-electron-
pocket nesting gives nodeless and isotropic dx

2
-y

2-wave 
pairing. This situation is similar to the electron-doped 
cuprates, where the AFM correlation breaks the full FS 
into electron pockets with same topology as in KyFe1.6Se2. 
In both cases, a transition to the nodeless dx

2
-y

2-wave 
pairing has been observed extensively. The 
1FUC↔2FUC unitary transformation exhibits that the 
dx

2
-y

2-wave pairing breaks translational symmetry, and 
thereby requiring a normal state broken symmetry to 
compensate for it.[54] The result explains the coexistence 
of AFM and dx

2
-y

2-wave in cuprates and the same for 
vacancy order with dx

2
-y

2-wave in KyFe1.6Se2 in equal 
footing. This consistency also demonstrates the 
importance of quantum criticality for superconductivity 
in these systems. 
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