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1. INTRODUCTION 
 

In 2008, Hosono group discovered an iron-based 
superconductor (IBSC) with a relatively high critical 
temperature (Tc) of 26 K. It was followed by synthesis of 
barrage of IBSC compounds, among which was SmFeAsO 
with the highest Tc of 55 K. IBSCs immediately drew 
much attention because, other than cuprates, they are the 
only group of transition metal compounds with high Tc. 
Naturally, the microscopic mechanism behind the high 
temperature superconductivity in IBSCs was a central 
issue. In particular, the fact that IBSCs share a similar 
phase diagram to that of cuprate superconductors raised 
some hope that study of IBSCs may lead to obtaining the 
microscopic theory for cuprate superconductivity. For 
these reasons, there have been extensive and intensive 
studies on IBSCs. 

Finding microscopic mechanism requires thorough 
understanding of momentum resolved electronic structures 
because they bare important information that is necessary 
to build the microscopic theory. Angle resolved 
photoemission spectroscopy (ARPES) is the most 
powerful and direct tool to investigate the momentum 
resolved electronic structure. For that reason, from the very 
beginning of the iron-pnictide era, ARPES has been 
intensively used to investigate the electronic structures of 
iron-based superconductors. For example, the gap 
symmetry which provides critical information on the pair 
mediating Bosons can be measured by ARPES [1].  

In fact, much information has been obtained on the gap 
symmetries of various IBSCs by using ARPES. In early 
days, most of the materials showed full gaps. In  
combination with the fact that Fermi surface pockets at the 

Brillouin zone (BZ) center and corner have fairly good 
nesting conditions, the observed full gap appears to 
suggest that the two gaps have opposite phases with an s± 
symmetry [2]. However, some theories and experiments on 
other materials raised possibilities of s++, d, and s+id gap 
symmetries [3-12]. As a result, there are on-going debates 
on what the universal mechanism of the iron-based 
superconductivity is.  

ARPES studies have also been performed to investigate 
properties other than the gap symmetry. IBSCs have 
multiple phases such as tetragonal and orthorhombic 
phases in crystalline structure, and antiferromagnetic, 
nematic, and pseudo gap phases in the electronic aspect. 
These phases are strongly correlated with the supercondu- 
cting phase as suggested by some of the theories [2, 13, 
27-31], and thus understanding the mechanism behind 
these phases may provide us important clues to the 
microscopic theory of the superconductivity.    

Orbital degree of freedom is another important subject. 
Early ARPES studies showed that IBSCs are multi-orbital 
systems [14] and that orbital degree of freedom is an 
important variable in the formation of the 
superconductivity [15-20]. In regards to the orbital degree 
of freedom, orbital ordering has been shown to exist 
[18-20], which raised possibility of orbital fluctuation as 
the mediating glue. 

As described above, intensive and extensive ARPES 
experiments have been performed and the results are a 
crucial part of the information needed to build the 
microscopic theory. In this review, we wish to describe 
efforts to understand the electronic structures of IBSCs rel- 
evant to superconductivity by reviewing important ARPES 
results. Before we go into superconductivity, we describe 
structures and phase diagrams of IBSCs in section 2. In 
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section 3, we introduce the multi-orbital nature of the 
electronic structure to discuss the generally observed 
nesting condition between zone center and corner pockets. 
Section 4 is devoted to discussion of various superconduc- 
tivity scenarios of IBSCs while section 5 is on the 
relationship between the superconductivity and various 
parameters such as nesting, orbital degree of freedom. In 
section 6, we will go over gap symmetries from various 
scenarios and discuss the feasibilities of the scenarios. 
Finally, we will provide brief discussion on some of the 
unresolved issues and what needs to be done by using 
ARPES in section 7.  

 
 

2. STRUCTURE AND PHASE DIAGRAM 
 

The most basic information one needs to know is the 
crystal structure. As shown in figure 1, various types of 
IBSC compounds have been discovered [21]. All of the 
compounds have FeAs or FeSe layers, and it is believed 
that Fe 3d orbitals in these Fe containing layers are 
responsible for the superconductivity, magnetism and the 
phase transitions.  

Even though there is some similarity between FeAs 
layers in IBSCs and CuO layers in cuprates in many 
aspects, a notable difference is that As in FeAs layer is 
located above and below Fe atoms. As a result, IBSCs have 
more 3 dimensional (3D) crystal and electronic structures. 
The As height from the Fe-plane turned out to be an 
important parameter that greatly affects various physical 
properties. One of the reasons that each system displays 
different physical properties is that the As height varies 
among various systems and so does the resulting electronic 
structure. It is not only FeAs layers but also atoms/layers 
below and above FeAs planes that affect the structure and 
doping of the FeAs layers, resulting in characteristic 
properties of each system. For this reason, the 
superconductivity in IBSCs requires understanding the 
properties of FeAs layers, especially the electronic 
structure for various As heights and interlayer effects 
[22-25].  

Phase diagram of IBSCs bares much information on the         
 

 
 
Fig. 1. Crystal structures of various iron-based  supercond-      
uctor compounds. All the compounds contain Fe-As or 
Fe-Se planes (shaded) [21]. 

 
 
Fig. 2. Typical (a) phase diagram of IBSCs [26] and (b) 
spin configuration in FeAs layers [21]. 
 
superconductivity mechanism. Panel (a) in figure 2 is a 
schematic of IBSC phase diagram. Parent IBSCs have 
tetragonal structure and is metallic at room temperature. 
When the temperature is lowered, it goes through 
tetragonal to orthorhombic phase transition and obtains 
antiferromagnetism. For the magnetism, as shown in figure 
2b, the magnetic moments of Fe atoms align ferromagneti- 
cally (antiferromagnetically) along the shorter (longer) cr- 
ystal axis in the orthorhombic phase. As we dope electron 
and hole or even apply pressure, the magnetism in the 
parent compounds begins to be suppressed and the 
superconducting phase appears at the edge of the 
antiferromagnetic region. The fact that superconductivity 
appears at the edge of the superconducting region in the 
phase diagram for both cuprates and iron-pnictides 
suggests that the superconductivity has close relationship 
with magnetism. Numerous theoretical and experimental 
studies supporting such view have been published.  

However, various recent experimental results showed 
orbital ordering phase with imbalance in dxz and dyz orbital 
occupations [18-20]. These results suggest a possibility 
that orbital fluctuation could induce structural and 
magnetic transitions and could be the superconductivity 
mediating boson. In fact, theoretical proposals for such 
possibility have been made [27-30]. For this reason, 
candidates for the pairing mediating boson in IBSCs 
include spin and orbital fluctuations, and which one is 
responsible is still under debate. We will discuss this 
subject in more detail in section 4.  

It was also recently reported that, as shown in figure 3, 
nematic phase exists in BaFe2(As,P)2 as observed by 
magnetic torque measurement [31]. Nematic phase refers 
to broken 4 fold symmetry in the electronic structure, 
independent of the crystal structure symmetry. According  

 

 
 

Fig. 3. Phase diagram of BaFe2(As,P)2 obtained through 
magnetic torque measurement [31]. 

8



 
J. J. Seo and C. Kim 

 
 

to the report, nematic phase sets in at a much higher 
temperature than the structural transition temperature and 
is suppressed upon doping. It disappears together with 
superconductivity when doping is too high. These results 
suggest a close relationship between nematic phase and 
superconductivity, and it is believed that the order 
parameter for the nematic phase can be spin fluctuation, 
orbital fluctuation or coupled fluctuation of the two [14, 32, 
33]. Therefore, finding the order parameter for the nematic 
phase is expected to provide an important clue to the 
superconductivity in IBSCs.  
 
 

3. BAND STRUCTURE 
 

In section 2, we have discussed various aspects of 
IBSCs by discussing the crystal structures and phase 
diagrams. In this section, we will discuss the common 
features of the IBSC electronic structures obtained by 
ARPES experiments, in a effort to understand the universal 
aspect of the superconductivity in IBSCs.   
 
3.1. Fermi surfaces : nesting condition 

Figure 4 shows Fermi surfaces of various parent 
compounds obtained by ARPES experiments [34-36]. 
Common features of the Fermi surface topology is that 
there are hole pockets at the BZ center and electron 
pockets at the BZ corner.  The number of pockets and their 
orbital characters differ among different compounds. The 
reason for such variety in the Fermi surface shape is due to 
their sensitivity to the As height and interlayer as 
mentioned in section 2.  

The key aspect of the Fermi surface topology of IBSCs 
is that there is a good nesting condition between hole and 
electron pockets. Such a good nesting condition is believed  
 

 
 
Fig. 4. Experimentally obtained Fermi surface maps of (a) 
FeSe monolayer [34] (b) La1111 [35], (c) Li111 [36], and 
(d) NaFeAs [19]. 

to be important but it is not clearly explained how exactly it 
contributes to the superconductivity. We will describe in 
more detail how nesting affects the superconductivity in 
section 4 which deals with superconductivity scenarios.  
 
3.2. Multi-orbital  nature of the band 

Another important character of the electronic structure 
is that the bands at the Fermi level originate from 
multi-orbitals. While only the d𝑥2 − 𝑦2 orbital band crosses 
the Fermi level in cuprate superconductors, all five of Fe 
3d-orbitals contribute to the density of states at the Fermi 
level in IBSCs. Even though all of the Fe 3d-orbitals 
contribute to near EF states in IBSCs, they split into eg and 
t2g orbitals if the crystal field is considered, and the main 
contribution comes from the three t2g orbitals, dxy, dyz, dxz. 
As a result, these three orbitals are mostly responsible for 
the superconductivity and other physical properties.  

The fact that multi-orbitals contribute to the 
superconductivity greatly affects the character of the 
superconductivity in IBSCs. Especially, it raises the 
possibility of orbital ordering and orbital fluctuation 
mediated superconductivity discussed in section 2 [27-30]. 
Its effect in the superconductivity will be discussed in 
detail in section 4 on superconductivity scenarios. Multi 
orbital nature of the IBSC bands can be examined through 
polarization dependent ARPES. Parity selection rule 
produces polarization dependent ARPES intensities, which 
allows us to investigate the orbital characters [37]. For 
more details on the calculation of the ARPES matrix, 
readers are advised to refer to ref. 37.   

Figure 5 shows the orbital characters of NaFeAs by 
using the method described above [19]. The outermost 
hole band (γ band, blue line) mostly has the dxy character 
but it obtains significant dyz character near the Fermi 
energy due to hybridization with second hole band (β band, 
green line). The inner most band (α band, red line) 
has pure dxz character. As for the electron bands at the BZ 
corner, the inner and outer bands have dxy and dyz 
characters, respectively. A closer look at figure 4 shows 
that there is a good nesting condition between the hole and 
electron pockets as they have similar sizes. However, the 
intra-orbital nesting condition is found to be relatively 
poor.   
 

 
 
Fig. 5. ARPES data from NaFeAs. Drawn on top of the 
data are color coded orbital characters of the bands [19]. 
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4. SUPERCONDUCTIVITY SCENARIOS 
 

In the previous section, we briefly introduced the fact 
that two most basic characters of the electronic structures, 
Fermi surface nesting and multi-orbital nature of the bands, 
are important parameters of superconducting mechanism 
in IBSCs. In this section, we discuss how these parameters 
work in each superconductivity scenario.   
 
4.1. Weak coupling approach 

There are two approaches to understanding 
superconductivity in IBSCs, weak [2, 38-41] and strong  
[42-46] couplings. Initially, it was believed that weak 
coupling approach could explain the superconductivity as 
electron correlation was thought to be negligible in the 
metallic phase. However, subsequent experiments showed 
that the electron correlation was not small, contrary to the 
initial belief [43]. As a result, there have been continuing 
efforts to explain the superconductivity with the strong 
coupling approach. Which of the two is more appropriate 
is still under debate.  

Weak coupling approach includes spin density wave 
(SDW) fluctuation and orbital fluctuation mediated 
superconductivity. These scenarios require itinerant 
electrons and thus the Fermi surface topology plays an 
important role. In the SDW fluctuation mediated 
superconductivity scenario, the SDW fluctuation created 
by the nesting of Fermi surfaces at the BZ center and 
corner mediates the Cooper pairs as shown in figure 6(a). 
Plotted in figure 6(b) is the dynamic spin susceptibility. It 
shows an enhanced but rather broad shape near q=(π,π) 
due to the fact that the Fermi sur face pocket at the M poi- 
nt is not circular but oval.  

In spite of the broadening, within the SDW scenario, 
spin fluctuation is the strongest magnetic fluctuation and 
affects the superconductivity in IBSCs. Calculations show 
that the spin susceptibility diverges when the nesting is due 
to intra-orbital scattering if multiple-orbital character is 
considered. This claim is consistent with the experimental 
observation that the superconducting gap of the BZ center 
pocket is almost zero when the BZ corner dxy electron 
bands disappear in KFe2As2 system [77]. 

In the orbital fluctuation mediated superconductivity 
scenario, orbital fluctuation occurs due to the orbital 
exchange process from the additional Coulomb potential 
that Fe d-electrons feel additional when Fe atoms oscillate. 
Presently, there are two scenarios for orbital fluctuation 
mediated superconductivity, one with q=(0,0,0) ferro 

 

 
 

Fig. 6. (a) Nesting condition in IBSC and (b) The spin 
susceptibility at the M-point due to the nesting [2]. 

 
 
Fig. 7. (a) Ferro orbital and (b) antiferro orbital fluctuati- 
on [27] 
 
orbital fluctuation [30] and q=(π,π,0) antiferro orbital 
fluctuation [27-29]. Ferro orbital fluctuation refers to the 
case where the quadrupole operators O𝑥2 − 𝑦2  at each Fe site 
are aligned parallel to each other (‘ferro’-order) as shown 
in figure 7(a). In that case, the occupations of |xz> and |yz> 
d-orbital states ferro-fluctuate as shown in figure 8(a).  

On the other hand, in the antiferro orbital scenario, Oxz 
quadrupole  operators are aligned in a strip-type as seen in 
figure 7(b) and occupations of |xy>-|yz> and |xy>+|yz> 
states of d-orbital antiferro fluctuate as shown in figure 8 
(b). In this case, contrary to the spin fluctuation case, the 
quadrupole susceptibility diverges and the gap size 
becomes independent of the band. This is supported by the 
experiments on (Ba,K)Fe2As2 [59]. 
 
4.2. Strong coupling approach   

The strong coupling approach is a way to understand the 
superconductivity in the large U limit [42-50]. When U is 
very large, the magnetism in IBSC can be explained in 
terms of As bridged super-exchange. As shown in figure 9, 
calculations show that the magnitude of the next nearest 
neighbor exchange J2 is similar to that of the nearest 
exchange J1 due to the strong As-As hopping, which in turn 
results in antiferromagnetic strip structure along the 
q=(π,0) direction. 
 

 
Fig. 8. (a) Ferro orbital fluctuation due to the quadrupole 
operator O𝑥2 − 𝑦2  and (b) antiferro  orbital fluctuation from 
Oxy [27]. 
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Fig. 9. (a) Schematic top view of the FeAs layer and (b) 
charge density distribution in the (110) plane [45]. 
 

In the strong coupling approach, pairing is mediated by 
the fluctuation of the local antiferromagnetism as is the 
case for cuprate superconductivity. Therefore, the 
superconductivity is not determined by the Fermi surface 
topology but by the shape of the BZ unlike in the weak 
coupling approach. Experimental results that support the 
local antiferromagnetic fluctuation scenario include 
superconductivity without the nesting condition between 
Fermi surface pockets at BZ center and corner, and the 
high magnetic moment values that cannot be explained 
within the SDW picture [50-55]. In the picture, the doping 
dependent phase diagram can be understood as being due 
to changes in the super-exchange interaction for different 
dopants. This is similar to the cuprate superconductivity in 
which superconductivity appears when antiferromagnetis- 
m is suppressed as the doping increases.  

However, it does not appear that one can explain the 
superconductivity based purely on a single approach. Both 
local and itinerant characters of the electrons are observed 
for IBSC materials. Various experiments show that there is 
orbital dependent correlations strength. As a result, it is 
somewhat accepted in the community that the 
superconductivity has a dual nature [56, 57]. Therefore, it 
is imperative to investigate origin of the dual nature of the 
electrons in the IBSC materials and how these traits results 
in various phases.  
 
 

5. SUPERCONDUCTIVITY AND BAND 
STRUCTURE  

 
In section 5, we discuss the possible relationship among 

nesting, orbital ordering and superconductivity by looking 
at the band structure in detail 

  
5.1. Nesting condition  

We have stated in section 4 that the nesting condition is 
an important parameter for the SDW spin fluctuation and 
antiferro orbital fluctuation scenarios in the weak coupling 
approach. In 5.1, we will try to understand the relationship      
between nesting and superconductivity from how the 
nesting condition changes as the superconductivity sets in. 

Figure10 shows Fermi surface maps of BaFe2As2 with 
various dopants. The Fermi surface for the parent material 
in figure 10(a) shows a good nesting condition between 
pockets at the BZ center to corner. The strong nesting 
condition readily explains the existence of the static 
magnetic order rather than magnetic instability in the 
parent compound.  

 
 
Fig. 10. Fermi surfaces and nesting conditions in (a) parent 
BaFe2As2, (b) K doped BaFe2As2, and (c) Co-doped 
BaFe2As2 [58]. 
 

Plotted in figure 10 (b) is the Fermi surface map of 
(K,Ba)Fe2As2. It shows that the hole pocket size increased 
while the electron pocket shank, which means that K dopes 
holes into the system. As the doping increases, the nesting 
condition becomes poorer and at the same time 
superconductivity appears. On the other hand, Co-doped 
case in figure 10(c) shows that the trend is opposite to that 
of the K-doping case, that is, the hole pocket becomes 
smaller and electron pocket get larger as the Co-doping 
increases. As was the case in (K,Ba)Fe2As2, superconduct- 
ivity sets in as  the nesting becomes weaker. These observ- 
ations of anti-correlation between the superconductivity 
and nesting condition supports the weak coupling 
approach.  

According to the SDW fluctuation scenario, the magnet- 
ic susceptibility due to the spin fluctuation becomes 
divergent when the nesting conditions are satisfied. 
Therefore, Tc is higher when the intra-orbital nesting 
condition is strong. In the following, we would like to 
show experimental evidences for the close relationship 
between the intra-orbital nesting and superconductivity. 

Figure 11 plots the Fermi surface maps of 
Ba1-xKxFe2As2  in the over doped region, x=0.5 and 0.6 [59]. 
One can see that the inner electron pocket disappears as the 
doping x increases. Band calculation results shows that the 
outer hole and inner electron pockets d𝑥2 − 𝑦2  and dxy orbital 
characters, respectively. In addition, the intra-orbital 
scattering decreases as the doping increases as the inner 
pocket disappears. 

How that affects the superconducting gap size is plotted 
in figure 12. The gap size of the inner band linearly 
ecreases as the doping increases in the over doped region 
 

 
 
Fig. 11. Fermi surfaces of Ba1-xKxFe2As2 for (a) x=0.5 and 
(b) x=0.6 [59]. 
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Fig. 12. Orbital dependent superconducting gap as a 
function of x in Ba1-xKxFe2As2 [59]. 

 
until the complete substitution of Ba by K, KFe2As2, while 
the gap of the outer band abruptly drops to zero at x=0.6 at 
which the inter-orbital nesting disappears. This 
experimental result is an important supporting evidence for 
the role of inter-orbital nesting in the formation of 
superconductivity.  

The data for Ba1-xKxFe2As2 in figure 12 is a supporting 
evidence not only for the SDW fluctuation scenario but 
also for the orbital fluctuation scenario. According to the 
orbital fluctuation scenario, the susceptibility for the 
orbital fluctuation becomes divergent when inter-orbital 
nesting is met. If the superconductivity is induced by the 
inter-orbital nesting, the superconducting gap should be 
the same independent of the orbital. In figure 12, we see 
that the three bands have the same gap size for the optimal 
doping x=0.4. This observation implies a possibility for 
orbital fluctuation mediated superconductivity. In addition, 
the results in figures 11 and 12 suggest that the 
microscopic mechanism for IBSCs can vary depending on 
the doping.  

It was recently reported that only a certain orbital is 
important in the formation of superconductivity. Figure 13 
depicts the kz dependent ARPES intensity at the Fermi 
energy from Ba(Fe1-xRux)2As2 for various x values [60]. 
Figures (a) and (g) show a good nesting condition between 
the hole and electron bands. However, in the optimal 
doping data in figures (b) and (h), we see that the inner hole 
pocket gets a significant kz dispersion and as a results the 
nesting condition becomes fairly weak. In the over doping 
region shown in figures (c) and (i), the Fermi surface 
becomes even more 3 dimensional and the nesting 
condition almost completely vanishes. The observed 
change in the Fermi surface topology into more 3 
dimensional one supports the spin fluctuation scenario. On 
the other hand, the β (dxy) band keeps the nesting condition 
even in the over doping region but it hardly affects the Tc. 
This fact implies that the nesting condition for the α, and α’ 
(dxz and dyz) bands are more important parameters.  

So far, we have pointed out that superconductivity in 
IBSC is enhanced in the weak coupling approach as 
nesting becomes weaker. Contrary to this view, however, 
there is a recent report that superconductivity is enhanced 
when the nesting condition for a specific orbital is strong 
[45]. As shown in figure 14, NaFe1-xCoxAs has the highest 
Tc when dxz and dyz orbitals have nearly perfect nesting. 

 
 
Fig. 13. kz dispersion and nesting condition as a function of 
doping x in BaFe2-xRuxAs2. ARPES intensity at the Fermi 
level near the Γ-point as a function of kz for (a) under 
doping, (b) optimal doping, and (c) over doping. (g)-(i) are 
extracted dispersions from panels (a)-(c), respectively. (f) 
and (j) are similar plots for 21% Ru doping for the electron 
band near M-point [60]. 
 

 
 

Fig. 14. Fermi surface topology change upon Co-doping 
for (a) LiFeAs and (b) NaFeAs. (c) Nesting conditions for 
LiFe0.83Co0.17As and NaFe0.96Co0.04As. (d) Spin relaxation 
time for LiFeAs and LiFe0.83Co0.17As obtained by NMR 
[61]. 

 
This fact may support the notion that a good nesting 
between dxz and dyz enhances the superconductivity. 

 
5.2. Superconductivity without nesting 

We have so far discussed various experimental results 
that show strong nesting conditions between some of the 
orbitals. Those results seem to support the weak coupling 
approach but various and sometimes seemingly 
inconsistent results may even make us believe that nesting  
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Fig. 15. (a) Fermi surfaces and (b) band dispersions of 
K0.8Fe2As2 [63]. 
 

 
 

Fig. 16. LiFeAs Fermi surface with poor nesting condition 
[36]. 
 
is not important to the formation of superconductivity. In 
5.2, we discuss supporting results for the latter view. 

As seen in figure 15, K0.8Fe2As2 has a large electron 
pocket at the M-point but no hole pocket at the Γ-point [63]. 
Therefore, so far discussed (π,0) nesting condition cannot 
be obtained. In spite of the fact, it possesses a Tc of 30 K. 
There are other materials that display superconductivity 
without or very poor nesting conditions, including 
Cs0.8Fe2As2 [64] and LiFeAs [62]. 

LiFeAs is rather peculiar in that the parent compound is 
superconducting and has no structural and magnetic 
transitions. This system has three hole pockets at the 
Γ-point which have almost no nesting condition with the 
electron pockets at the M-point as seen in figure 16. Yet it 
has a Tc of 17 K. These materials with high Tc but no or 
poor nesting conditions cast a challenging task for the 
weak coupling approach. More thorough research has to be 
performed to see if the nesting is indeed the key ingredient   
for the superconductivity for IBSCs.  
 
5.3. Orbital ordering phase  

We now turn our attention to orbital fluctuation scenario 
and its necessary condition, orbital order phase. 
Confirmation of an orbital order phase is the first step to 
prove the existence of orbital fluctuation which may 
induce structure and magnetic transitions and mediate the 
superconductivity [18-20]. The orbital order that can be 
studied by ARPES is the ferro-orbital ordering in which 
there is an imbalance in the dyz and dxz orbital occupations. 

 
 
Fig. 17. (a) dxz, dyz bands and orbital order in BaFe2As2. (b) 
Orbital order in Ba(Fe0.975Co0.025)2As2 [18]. 
 

Figure 17(a) is the ARPES data from BaFe2As2 along 
the Γ-X and Γ-Y high symmetry cuts for different 
temperatures. With the help of polarized light, it was found 
that the states at the X-point are from dyz orbital while those 
at the Y-point are primarily from dxz orbital. First of all, the 
data taken at X- and Y-points above the structural 
transition temperature (160 K) show that the two bands are 
degenerate and that there is a 4-fold symmetry. This means 
that the two orbitals are equally occupied. If we look at the 
data taken below the structural transition temperature of 80 
K, we find dyz band has shifted up while dxz band has 
shifted down in energy. Such behavior is also seen 
Ba(Fe0.975Co0.025)2As2 in figure 17(b). The fact that the two 
bands moved in opposite directions means that the dxz 
orbital is now more occupied than the dyz orbital. That is, 
there is a ferro-orbital ordering.  

Ferro-orbital order is also found in LiFe1-xCoxAs [67] 
and NaFeAs [19]. In the case of LiFeAs, energy split 
between dxz and dyz orbital bands is observed at the Γ-point. 
The split is the largest for the parent material (which has 
the highest Tc), decreases as the doping increases, and 
eventually becomes degenerate in the over-doping region. 
This result puts more weight on the orbital fluctuation 
scenario than SDW picture in a sense that the gap 
symmetry of LiFeAs cannot be explained by the SDW 
fluctuation scenario. So far, whether existence of orbital 
order is universal among IBSCs is not clear yet. Therefore, 
systematic studies on orbital order for IBSCs are essential 
in understanding the role of the orbital fluctuations in the 
superconductivity. 
 
 

6. GAP SYMMETRY 
 

In section 5, we have covered ARPES results that 
support various scenarios. In a short summary, the 
relationship between nesting and superconductivity varies 
over different materials. For example, in some materials, 
superconductivity exists in spite of lack of nesting                     
condition. We also see that orbital order exists in multiple 
IBSC systems.  

We note that the results we have discussed so far are not 
directly connected to the microscopic mechanism. We only 
try to indirectly understand the mechanism through the 
characteristics in the electronic structure (nesting and 
energy split, for example). On the other hand, we also have 
other means to approach the superconducting mechanism 
more directly in which we look at the symmetry of the 
Cooper pairs. In this section, we wish to discuss the gap 
symmetry and try to understand superconducting  
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Fig. 18. Schematics of s++ , s±, nodal s±, and d-wave gap 
symmetries [1]. 
 
mechanism based on the gap structures measured by 
ARPES [1]. 

  
6.1. Gap symmetry - theory 

The most direct information on the superconducting 
mechanism is the gap symmetry. That is because the 
symmetry of the Cooper pair wave function is directly 
reflected on the gap symmetry and one can thus retrace the 
pairing symmetry by studying the gap symmetry. Once the 
symmetry of the Cooper pair wave function is known, one 
can pin down the mechanism because pairing symmetry is 
different for different scenarios. 

Figure 18 illustrates gap symmetries expected for 
different pairing mechanisms in IBSC [1]. s++ symmetry in 
figure 18(a) is expected in the case of orbital fluctuation 
mediated superconductivity. The phases of superconducti- 
ng gaps on the BZ center and corner pockets are the same, 
and the gap has 4-fold symmetry. s± gap symmetry in 18(b) 
appears when the superconductivity is mediated by the 
spin fluctuation. Contrary to the s++ case, the phases of the 
BZ center and corner gaps are opposite. This is due to the 
fact that electrons on BZ center and corner are paired and 
spin fluctuation mediated pairing requires a sign change. 
The node required for the sign change is not seen because 
there is no Fermi surface between the two pockets. s±  also 
possess 4-fold symmetry.  

Nodal s ±  in 18(c) is not much different from the 
s±  symmetry, but there is an accidental node. In this case, 
the accidental node is not from a symmetry reason but 
from a weak quasi-nesting condition induced by the 3D 
Fermi surface when the doping increases. On the 
other hand, d-wave symmetry in 18(d) is caused by local 
antiferro spin fluctuations and 4 nodes exist on the hole 
pockets. The nodes result from a real symmetry change 
and the gap has 2-fold symmetry.   

While SDW fluctuation scenario necessarily requires 
s± symmetry, local antiferro spin fluctuation scenario could 
result in either s± or d-wave symmetry. However, as shown 
in figure19, d-wave symmetry has a rather small gap size at 
the BZ corner, contrary to the s±  case. The large Tc’s and 
gap sizes of IBSCs therefore seem to suggest that s±  wave 
is more probable even for the local antiferro spin 
fluctuation case. 

Even though both SDW and local antiferro spin 
fluctuations could lead to the s ±  gaps, there is some 
difference between the two cases. Since the shapes of the 

 
 

Fig. 19. (a) d-wave and (b) s±  wave gap structure expected 
in the strong coupling approach [73]. 

 
hole and electron pockets are different, the 
superconducting gap has to be enhanced at the 
quasi-nested Fermi momentum kF, resulting in an 
anisotropic gap structure. On the other hand, the gap 
should be an isotropic full gap as the gap size depends only 
on the BZ shape for local antiferro spin fluctuation.  

We have discussed various gap symmetries for different 
microscopic mechanisms. If we can directly determine the 
gap symmetry through electronic structure studies, we can 
get close to understanding the microscopic mechanism of 
IBSC. However, a technique that can directly measure the 
gap symmetry does not exist yet. ARPES can directly 
measure the gap size but is insensitive to the phase of the 
gap. Therefore, it cannot discern s++ and s±  gap symmetri- 
es. Yet, the anisotropy in the gap and existence of nodes 
can be determined by ARPES which could provide 
invaluable clues for the superconducting mechanism.  
 
6.2. Gap structure - experiments 

Gap anisotropy and nodes obtained through gap size 
measurements can provide invaluable information on the 
superconducting mechanism. Isotropic gap can be a 
supporting evidence for s ±  gap in local antiferro spin 
fluctuation medicated SC. Meanwhile, anisotropic gap can 
result from an incomplete nesting in the SDW fluctuation 
mediated SC scenario (s±) or s++ symmetry in the orbital 
order fluctuation scenario. In the following, we would like 
to survey various ARPES results on gap measurements.   
 
6.2.1. Isotropic gap structure 
 

 
 
Fig. 20. Band dependent superconducting gaps measured 
by ARPES as a function of angle for (a) FeTe [69], (b) 
Ba(Fe0.75Ru0.25)2As2 [70], (c) Ba0.3K0.7Fe2As2 [71], and (d) 
BaFe1.85Co0.15As2 [72]. 
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Fig. 21. Band dependent gap size for (a)Ba0.4K0.6Fe2As2 
and (b)BaFe2(As0.65P0.35)2 [74]. 
 

 
 
Fig. 22. Cosine fit of the gap for (a) Ba(Fe0.75Ru0.25)2As2 
[70] and (b) Ba0.3K0.7Fe2As2 [71] . 
 

Figure 20 plots the band dependent gap size as a 
function of angle for various materials. Isotropic but band 
dependent gap structures have been observed in FeTe [69], 
Ba(Fe0.75Ru0.25)2As2 [70], Ba0.3K0.7Fe2As2 [71], and 
BaFe1.85Co0.15As2 [72]. This observation is inconsistent 
with the SDW scenario in the fact that these materials 
possess different Fermi surface topologies.  

Different from the results in figure 20, gap 
measurements in figure 21 show isotropic and band 
independent gap size [74]. Figure 21(a) shows the gap on 
hole pockets of Ba0.6K0.4Fe2As2 at the Z-point. Not only the 
gap size isotropic but also it is the same on all three bands 
of inner, middle and outer pockets. This is a trait of s++ gap 
symmetry of the orbital fluctuation mediated superconduc- 
tivity. 

Figure 22 shows the fitting results of the gap functions 
by cosine function which is expected in the strong coupling 
approach [70, 71]. Gaps on all bands for both  
Ba(Fe0.75Ru0.25)2As2 and Ba0.3K0.7Fe2As2 are nicely fitted 
by the coskxcosky function, which once again is an 
evidence for the strong coupling. 

 
6.2.2. Anisotropic nodeless gap structure 

Anisotropic gap structure measured by ARPES has been 
recently reported [75, 76]. LiFeAs is one of them and  
shows a clear anisotropic gap structure [75]. Figure 23 is 
 

 
 
Fig. 23. Band dependent gap sizes of LiFeAs for (a) hole 
bands and (b) electron bands [75]. 

 
 
Fig. 24. Fitting results of the LiFeAs gap size within the 
strong coupling approach [75]. 
 
the gap structure of LiFeAs, and shows that the inner 
pocket at the Γ-point has an isotropic gap while the outer 
band has an anisotropic one. The electron pockets show a 
similar trend; while the outer pocket shows an isotropic 
gap, the inner pocket has an anisotropic gap.  

The fact that the angle for the maximum gap for the hole 
band is 45o rotated from that for the inner electron band is 
not explained within the SDW fluctuation mediated 
superconductivity scenario. Meanwhile, there was a 
theoretical report that such structure can be explained 
within the orbital fluctuation mediate, s++ symmetry 
scenario. Gap simulation that takes orbital fluctuation into 
account can explain the experimental observation that the 
gap maxima in the β hole pocket is 45 o rotated from that     
for the gap maxima in the γ electron pocket. 

Anisotropic gap structure can also be explained within 
the strong coupling approach which is normally supposed 
to account only for isotropic full gap [73]. It is possible to 
explain the strong anisotropic gap of LiFeAs if we consider 
the character of the Fermi surface topology. Unlike other 
materials, LiFeAs has hole bands with broken rotational 
symmetry. When this fact is considered, the anisotropy in 
the hole band can be explained. Figure 24 shows the fitting 
results of the gap structure within the strong coupling 
approach. However, it is still not possible to explain the 
anisotropy in the electron band within the strong coupling 
approach. 
 
6.2.3. Nodal gap structure 

Nordal gap structures has been reported for KFe2As2 [77] 
and BaFe2(As,P)2 [78] as shown in Figure 25. In the case of 
KFe2As2, high resolution laser ARPES taken at the Z-point 
shows that inner and middle hole pockets have nodeless 
anisotropic gap and octet-line nodes, respectively, while 
the outer band has almost zero gap. The explanation for the 
existence of nodes in the middle pocket is that the states 
near the X-point do not have d𝑧2 character, which results in 
a weak intra-orbital scattering. Finally, intra Fermi surface 
phase sign change becomes easier and thus nodes can be 
formed. Likewise, almost negligible gap size of the outer 
band can be explained within intra-orbital, inter-band 
scattering scenario. Nesting condition dependent gap size 
change, existence of the node and anisotropic gap structure 
show that the material has nodal s± symmetry 

ARPES measurements on BaFe2(As0.7P0.3)2 reveal that 
all three hole pockets have isotropic gaps while the inner 
and outer electron pockets have line node and isotropic gap, 
respectively [78]. The gap structure on the inner electron 
band plotted in figure 25(b) shows a node in the direction 
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Fig. 25. (a) Band and angle dependent gap size of KFe2As2 
at the Z-point [77]. (b) Fermi surface and angle dependent 
gap size for BaFe2(As0.7P0.3)2 [78]. 
 
toward the Γ-point. However, it is difficult to call it a nodal 
s± symmetry purely based on the observation of nodes. The 
outer hole pocket that has dxy orbital near the Γ-point has 
very little contribution from the dxy orbital. Then, the 
intra-orbital scattering with the states at the M-point 
(consisting of  purely dxz, dyz, and dxy) becomes difficult. 
According to the spin fluctuation mechanism for which 
intra-orbital and inter-band scatterings are important, hole 
band must have horizontal node. However, it has not been 
experimentally observed. In addition, the fact that the gap 
size remains independent of the bands in spite of the 
different orbital characters is hard to understand. These 
questions raise the importance of the inter-orbital 
scattering and suggest a possibility for spin and orbital 
fluctuation mediated superconductivity. 

We have discussed three types of gap structures. Most of 
the materials with exceptions of a handful of systems 
exhibit isotropic gap structures and band dependent gap 
sizes. This fact implies that the superconductivity can be in 
general explained within the strong coupling approach but 
band independent gap size in a few materials and the 
peculiar gap structure of LiFeAs pose an issue that cannot 
be resolved within the strong coupling approach. 

 
   

7. UNRESOLVED ISSUES AND FURTHER 
STUDIES 

 
Extensive studies have been performed on IBSCs and 

they have produced important experimental results. A 
variety of materials have been synthesized and physical 
properties have been studied by using various techniques 
including transport and photoemission. Recent developm- 
ents in sample growth have allowed us to have high 
quality single crystals. This in turn made it possible to 
have better quality data and allowed us to see what was 

not seen before. Such progress in experiments will make 
it possible to answer the questions that have not been 
answered.  

The eventual goal of the research on IBSCs is finding 
the microscopic mechanism for the superconductivity. 
However, as we have seen earlier, there are many 
questions to be answered before we finally achieve the 
goal. Here list some of the issues in the field have not 
been resolved. 

The first issue that has to be clearly resolved is whether 
the electrons on IBSCs are itinerant or local. Is nesting 
essential in the formation of superconductivity and 
magnetism? There have been numerous experimental 
reports but consensus has not been made [79-81]. Even 
though a somewhat compromised view of dual nature is 
seriously discussed, its understanding is neither 
systematic nor clear. In this respect, the approach to the 
microscopic mechanism for superconductivity will be 
much easier if we understand the nature of the carriers.  

The second issue involves structural and magnetic 
transitions. In IBSCs, it is believed that structural and 
magnetic transitions are intimately coupled. Therefore, 
clear understanding of structure and magnetic transitions 
can provide important clues to the microscopic 
mechanism for the superconductivity. They have also 
been investigated extensively but clear understanding of 
the transitions are lacking. In this regards, there have been 
recent reports that the transitions are related to nematic 
phases [82]. Orbital order or spin fluctuation is considered 
as the order parameter for the nematic phase, but how the 
transitions are coupled is in debate and needs further 
studies. 

When Fe is substituted by another transitions metal, 
magnetism is suppressed and superconductivity appears. 
This general view is quite similar to the cuprate 
superconductor case. However, whether electrons or 
holes are actually doped [82-89], questions on how the 
Fermi surface evolves upon substitution, the reason for 
appearance of the superconducting phase, and why Tc’s 
are very materials dependent (why they are so different) 
should be systematically studied.  

In addition, other issues to be resolved are confirmation 
of pseudo-gaps [90-101], finding the relationship between 
pseudo-gaps and superconductivity, finding the origin of 
the Tc enhancement in FeSe monolayer grown on SrTiO3 
substrate [34, 107-111], confirmations of quantum critical 
points [101-106], material and doping dependence of 
orbital order, electronic structure studies of 1111 systems 
[35]. Information on these issues could provide clues to 
the microscopic mechanism. There are numerous issues 
to be resolved in the study of IBSCs. Finding additional 
IBSC materials and high quality single crystal growth of 
them is expected to play an essential role to the journey to 
the microscopic mechanism. ARPES will, as it has been, 
be one of the most important tools in the research.  

 
 

8. SUMMARY 
 

In this paper, we have briefly reviewed the research 
efforts by means of ARPES. The results so far in the first 
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hand seem to suggest a close relationship between the 
nesting condition and the superconductivity, but it was 
pointed out that weak coupling approach alone cannot 
account for the superconductivity in IBSCs. At present, 
there is no theory that can account for the seemingly 
conflicting results and microscopic understanding of the 
superconductivity is not yet possible. To resolve such issue, 
more systematic studies focusing on deeper understanding 
of the system properties along with more accurate 
experimental results are necessary.  

ARPES is expected to play an essential role in efforts to 
find the unified understanding of the superconducting 
mechanism. Advances in ARPES technology and high 
quality sample growth along with the existing information 
will allow us to shorten the time to obtain the microscopic 
mechanism. 
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