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ABSTRACT

In a superconductor electrons form pairs and electric transport becomes dissipation-less at low

temperatures. Recently discovered iron-based superconductors have the highest superconducting transition

temperature next to copper oxides. In this article, we review material aspects and physical properties of

iron-based superconductors. We discuss the dependence of transition temperature on the crystal structure,

the interplay between antiferromagnetism and superconductivity by examining neutron scattering

experiments, and the electronic properties of these compounds obtained by angle-resolved photoemission

spectroscopy in link with some results from scanning tunneling microscopy/spectroscopy measurements.
Possible microscopic model for this class of compounds is discussed from a strong coupling point of view.
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INTRODUCTION

Superconductivity is a remarkable macroscopic
quantum phenomenon, which was discovered by
Kamerlingh Onnes in 1911. As temperature de-
creases to below a critical value, electric resistance of
a superconductor vanishes and the magnetic field is
repelled. Superconductors have many applications.
As an example, magnetic resonance imaging has
been widely used in medical facilities. Supercon-
ductors may be used to transport electricity without
loss of energy. Conventional superconductivity
is well explained by Bardeen-Cooper—Schrieffer
(BCS) theory, which was established in 1957. In
a superconducting (SC) state, two electrons with
opposite momenta attract each other to form a
bound pair. The pairing mechanism in a conven-
tional superconductor is due to couplings between
electrons and phonons, which are quantum version
of lattice vibration. The transition temperatures
(T.s) are, however, very low, and usually well below
40 K. The low transition temperature has greatly
limited practical applications of superconductors. It
has been a dream to realize high-T, or room temper-
ature superconductors, which may revolutionarily
change the power transmission in the world.

There was a great excitement after the discov-
ery of high-T. SC cuprate by Bednorz and Miiller

in 1986, who reported T, well above 30K in
La, ,Ca,CuOy [1]. The subsequent world-wide ef-
forts in search of high-T, SC cuprate raised the
transition temperature beyond the liquid nitrogen
temperature of 77 K for the first time [2] and the
highest T, at ambient pressure is 135 K in Hg-based
cuprates, which remains the record as of today. All
the cuprates share a common structure element
CuO, plane, where Cu atoms form a square lat-
tice. The second class of high-T, materials are iron-
based superconductors, which were discovered by
Hosono and co-workers in early 2008 [3], who re-
ported T, = 26 K in LaOFeAs with part of O atoms
replaced by F atoms. Soon after this discovery, the
transition temperature has been raised to above 40 K
at ambient pressure by substitution of different ele-
ments [4-7]. The highest T, in bulk iron-based su-
perconductors is 55K in SmO;_,F,FeAs reported
by Ren et al. [6], and similarly in Gd;_, Th,FeAsO
[8]. So far many families of iron-based superconduc-
tors have been discovered [9-13]. Most recently,
monolayer FeSe superconductivity on top of sub-
strate SrTiO3 hasbeen reported [ 14], and there is an
indication that T is likely higher than the bulk ones.

Study of iron-based superconductors and their
physical properties has been one of the major activ-
ities in condensed matter physics in the past several
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years. At the time when the iron-based superconduc-
tor was discovered, scientists in the field of supercon-
ductivity were well prepared. Several powerful new
techniques, such as angle-resolved photoemission
spectroscope (ARPES) and scanning tunneling mi-
croscopy (STM), have been well developed during
the course of studying high-T, cuprates. These tech-
niques together with some more conventional tech-
niques, such as neutron scattering, nuclear magnetic
resonance (NMR), and optical conducting measure-
ments, have been applied to examine the properties
of the new compounds. Iron-based superconduc-
tivity shares many common features with the high-
T, cuprates. Both of them are unconventional su-
perconductors in the sense that phonons unlikely
play any dominant role in their superconductivity.
Both are quasi-2D, and their superconductivity is in
the proximity of antiferromagnetism. On the other
hand, iron-based superconductors have a number
of distinct properties from the cuprates. The par-
ent compounds of the SC cuprates are antiferromag-
netic (AF) Mott insulators due to strong Coulomb
repulsion, and the lightly doped superconductors are
doped Mott insulators [ 15-18]. On the other hand,
the parent compounds of iron-based superconduc-
tors are semi-metallic. Dynamic mean field calcu-
lations indicate that the iron-based compounds are
close to metal-insulator transition line but are at the
metallic side [19]. In the curpates, the low-energy
physics is described by a single band [20], while in
the iron-based compounds, there are multi-orbitals
involved. Despite over 25 years of study, some of the
physics in the cuprates remain controversial. The in-
vestigation of iron-based superconductors may help
us to understand the unconventional superconduc-
tivity and also provide a new route for searching
higher temperature superconductors.

The purpose of this article is to provide an over-
all picture of the iron-based superconductivity based
on our present understanding. Instead of giving
a broad review to cover all the experimental and
theoretical developments in this field, we will dis-
cuss basic physical properties of the materials and
the underlying physics by examining limited exper-
iments and theories. We refer the readers to sev-
eral recent review papers [21-27] for more com-
plete description of the field. The rest of the arti-
cle is organized as follows. In the ‘Materials and
crystal structures’ section, we discuss material as-
pects of the compounds. Antiferromagnetism and
superconductivity will be discussed in the “The in-
terplay between magnetism and superconductivity’
section. In the ‘Electronic properties’ section, we
discuss electronic structure of iron-based materi-
als largely based on ARPES and STM experiments.
We briefly present our theoretical understanding

of the electronic structure and superconductivity in
the “Theory’ section. The article will end with a sum-
mary and perspective.

MATERIALS AND CRYSTAL STRUCTURES

Material classification and crystal
structures

Substitution of magnetic Sm for non-magnetic La
leads to a dramatic increase in T, from 26K in
LaFeAsO,_,F, to 43K in SmFeAsO,_.F, [3,4].
This suggests that a higher T. is possibly realized in
the layered oxypnictides. The achieved T. of 43K
in SmFeAsO;_,F, is higher than the commonly
believed upper limit (40K) of electron-phonon-
mediated superconductors, which gives pieces of
compelling evidence for classifying layered iron-
based superconductors as a family of unconven-
tional superconductors. Subsequently, many new
iron-based superconductors with diverse crystal
structures were found and they can be categorized
into several families according to their structural
features.

The iron-based superconductors share the com-
mon Fe, X, (X = As and Se)-layered structure unit,
which possesses an anti-PbO-type (anti-litharge-
type) atom arrangement. The Fe, X, layers consist of
edge-shared FeXy, tetrahedra, which has 4m2 site
symmetry. In the Fe,X, layers, X ions form a dis-
torted tetrahedral arrangement around the Fe ions,
giving rise to two distinct X-Fe-X bond angles with
multiplicities of two and four which we refer to as o
and B, respectively.

FeSe (T, = 8K) has the simplest structure
among the known iron-based superconductors,
which is called 11 phase [11]. FeSe is formed by
alternate stacking of the anti-PbO FeSe layers. In
FeSe, the cations and anions occupy the opposite
sites to Pb and O atoms of litharge, so that we call
it anti-PbO or anti-litharge structure. FeSe adopts
a space group of P4/nmm. The Fe,Se; monolayer
consists of flat Fe, square-net sandwiched by two
Se monolayers. Consequently, each Fe atom is
coordinated with four Se atoms to establish the
edge-shared FeSe, tetrahedron, forming a 2D
square-net Fe,Se, monolayer. As shown in Fig. 1,
these tetrahedral Fe,X, layers can be separated
by alkali and alkali-earth cations, LnO layers or
perovskite-related oxydic slabs. Fig. 1 also illustrates
the crystal structures of AFeAs, AeFe,As;, and
LnOFeAs. Their basic crystallographic data are
listed in Table 1. The simplest FeAs-based super-
conductor in structure is the AFeAs (A = Liand Na,
called 111 phase) [12,13,28]. AFeAs crystallizes in
an anti-PbFCl-type structure, which adopts a Cu,Sb
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Figure 1. The schematic view of the crystal structures for several typical types of iron-based superconductors, in which A, Ae, Ln, and M stand for
alkali, alkali-earth, lanthanide, and transition metal atoms.

Table 1. Maximum temperatures of the SC transition under ambient pressure and lat-
tice parameters of undoped compounds for some typical iron pnictides.

discovered 1111 compound with relatively high T,
is LaFeAsO [3], with lattice constants at room tem-
perature a = 4.032 68(1) A, c = 8.741 11(4) A. For
these 1111 compounds, their structure consists of al-

Compound  Maximum T (K)  Spacegroup  a(A)  e(A)  Ref ternate stacking of FeAslayers and fluorite-type LnO
LiFeAs 18 P4/nmm 3775 6353 [4] layers. For LaFeAsO, the distance between the adja-
BaFe,As, 38 I4/mmm 3.963 13.017 [13] cent FeAs and LaO layers is 1.8 A. The lattice con-
LaOFeAs 41 P4/nmm 4.035 8.740  [24] stants a and ¢ decrease with reducing the ion radii
CeOFeAs 41 P4/nmm 3996  8.648 [24] of the rare-earth metals. With the decreasing radii
PrOFeAs 52 P4/nmm 3926 8595 [24] of the rare-earth metal ions, the optimal T, first in-
NdOFeAs 519 P4/nmm  3.940 8496  [24] creases rapidly, reaching the highest T, (= SSK)
SmOFeAs 55 P4/nmm 3940 8496  [24] in the doped SmFeAsO system [6,29], and then
GdOFeAs 53.5 P4/nmm 3915 8435  [24] decreases slightly with further reducing the radii
TbOFeAs 48.5 P4/nmm  3.898 8404  [24]

(or Fe,As) structure. AFeAs has the space group of
P4/nmm and each unit cell includes two chemical
formula, that is 2A, 2Fe, and 2As. Fe and As are
arranged in anti-PbO-type layers with double Li/Na
planes located between the layers in square-based
pyramidal coordination by As.

With additional atoms added into the anti-
PbFCl-type structure, we can achieve ZrCuSiAs-
type 1111 superconductors. Up to now, the highest
T, ~ 55K in iron-based superconductors has been
achieved in fluorine-doped or oxygen-deficient Ln-
FeAsO compounds (Ln represents rare-earth metal
atoms) [6], which are usually briefly written as
1111 phase. LnFeAsO compounds have a tetrag-
onal layered structure at room temperature, with
space group P4/nmm. The schematic view of their
crystal structure is shown in Fig. 1. The earliest

of the rare-earth metal ions. Besides LnFeAsO sys-
tems, there are other types of 1111 FeAs-based com-
pounds, AeFFeAs (Ae = Ca, Sr, and Ba) [30,31]
and CaHFeAs [32]. AeFFeAs (Ae = Ca, Sr,and Ba)
and CaHFeAs are also parent compounds of super-
conductors [33-35]. Veryrecently,anew 1111-type
FeSe-derived superconductor, LiFeO,Fe,Se, with
T, ~ 43 K, was synthesized by Lu et al. [36].

The other typical type of compounds, ThCr,Si,-
type iron arsenides, possess only single layers of sep-
arating spacer atoms between Fe, X, (so-called 122
structure), which is adopted by AeFe,As, (Ae = Ca,
Sr, Ba, Eu, K, etc.) [10,37-39] and A.Fe, ,Se,
(A = K, Rb, Cs, TI/K, and TI/Rb) [40-43].
AeFe,As, adopts body-centered tetragonal lattice
and has space group of I4/mmm. In FeAs-122, the
highest T. ~ 49K can be achieved in Pr-doped
CaFe,As, [44]. However, some recent reports re-
vealed that such superconductivity with T, higher
than 40K should be ascribed to a new structural
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Figure 2. (a) Neutron scattering result on structural transitions on LaOFeAs [58]. (b) The temperature dependence of lattice constants for different
F-doping levels in the SmFeAsQ;_,F, system.

phase (Ca,Ln)FeAs, (Ln = La, Pr). Crystal struc-
ture of (Ca,Ln)FeAs, is derived from CaFe,As,,
with shifting the adjacent FeAs layers along the 45°
direction of ab-plane by half lattice length on the
basis of CaFe,As;, and then intercalating one ad-
ditional As-plane and one Ca-plane for every two
CaFeAs blocks [45]. FeSe-derived superconductors
A.Fe; ,Se; also crystallize in 122 structure, which
have a T, of ~ 30K in crystals grown by the high-
temperature melting method [40-43] or higher than
40 K by co-intercalation of alkali atoms and certain
molecules (NH; or organic) by a low-temperature
solution route [46-49].

According to the previous knowledge in the
high-T, cuprates, superconductivity is closely
related to the separating spacers between adjacent
conducting layers. Therefore, compounds with
complicated structures between FeAs layers were
synthesized. Up to now, Ae,;1M,O,Fe;As, and
Ae,12M,,0,Fe;As, [Ae = Ca, Sr, Ba; M = Sc, V,
(Ti, Al), (Ti, Mg), and (Sc, Mg)] systems have been
successfully synthesized, where y ~ 3n—1 for the
formerandy ~ 3n for thelatter [ S0-53]. Fig. 1 shows
the crystal structures for the case of n = 1. They
all adopt tetragonal lattice. All Ae, 1M, O,Fe,As,
compounds share the same space group of D;”*-
I4/mmm, while for Ae,,M,O,Fe,As,, its space
group is P4/nmm for n = 2 and 4, whereas P4mm
for n = 3. For Ae,;1M,O,Fe;As;, n perovskite
layers are sandwiched between adjacent FeAslayers,
while for Ae,;,M, O,Fe,As, there are n perovskite
layers plus one rock-salt layer in each blocking layer.
The Aen+2MnOyFezA82 and Aen+2M,,OyFe2Asz
can be SC with T, ranging from 17 to 47 K [52-54].
There are some other FeAs-based superconduc-

tors with quite complicated structures, such as
Ca-Fe-Pt-As  system  Cajo(Pt3Asg)(Fe;As;)s
(so-called 10-3-8), Cajo(PtsAss)(Fe,As;)s (so-
called 10-4-8) [55,56], Ba,Ti,Fe,As,O [57],
and so on.

There is a resistivity anomaly in the parent com-
pound of LaFeAsO at around 150K, which disap-
pears as superconductivity emerges [3]. It was clari-
fied later by de la Curz et al. through neutron scatter-
ing experiment that such an anomaly around 155 K
could be attributed to the structural phase transi-
tion [S8]. As shown in Fig. 2, a structural transi-
tion occurs around 1SSK in undoped LaOFeAs.
The space group of the low-temperature structure
was clarified to be the orthorhombic Cmma [59,60].
The space group changes from the high-temperature
tetragonal P4/nmm to low-temperature orthorhom-
bic Cmma, corresponding to a transformation from
5.703 07 A x 5.703 07 A square network (for com-
parison, here we use a+/2, so that space group be-
comes F4/mmm) to 5.682 62 A x 5.571 043 A with
a slight shrink of the c-axis lattice constant, as shown
in the left panel of Fig. 2 [61]. In the structural tran-
sition, chemical formulae in each unit cell change
from 2 to 4 with a symmetry degradation. With de-
creasing temperature, the parent and slightly doped
AeFe,As, (Ae = Ca, Sr, Ba, and Eu) also undergo a
structural transition from high-temperature tetrago-
nal phase to low-temperature orthorhombic phase.
The low-temperature orthorhombic phase has the
space group of Fmmm [10,62]. Fig. 3 shows that
FeAs, tetrahedron distorts in the structural tran-
sition in BaFe,As,. The As-Fe-As angles around
108.7° become non-equivalent and evolve to two
values of 108.1° and 108.7°, respectively [10]. Such
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Figure 3. As-Fe-As bond angles of BaFe;As; at high and low temperature, respectively
(data from [10]).
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a structural transition from high-temperature tetrag-
onal symmetry to low-temperature orthorhombic
symmetry occurs among the undoped and under-
doped FeAs-based 111, 122, and 1111 phases.

Relation between crystal structure
and superconductivity

By summarizing plenty of data about crystal struc-
ture and T, for iron-based superconductors, it is
found that T, is related to structure parameters
[63-65]. In particular, there is a close relation be-
tween the anion (As, P, Se, and Te) height from the
Fe layer (h) and T, as shown in Fig. 4a [63]. h de-
pends on the type of anion, increasing in turn from

(a) 60 T T T (b) T T T T T T
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Figure 4. (a) Anion height dependence of 7, in iron-based superconductors [63]. (b) Anion height dependence of T, in FeSe-
derived superconductors [36]. (c) The relation between the As(top)-Fe-As(top) angle o and 7, of iron-based superconductors
[64].
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Figure 5. (a) The electronic phase diagram of electron and hole-doped BaFe;As,,
where the arrows indicate the doping levels of INS experiments. The right inset shows
crystal and AF spin structures of BaFe,As, with marked the nearest (J;,, J;5) and next-
nearest neighbor (J;) magnetic exchange couplings. The inset above x, = 0.1 shows
the transversely elongated ellipse representing the low-energy spin excitations in
electron-doped BaFe,_Ni,As, in the (H, K) plane of the reciprocal space. The left insets
show the evolution of low-energy spin excitations in hole-doped Ba; _,K,Fe;As; in the
(H, K) plane. C-SF and IC-SF indicate commensurate and incommensurate spin fluctu-
ations, respectively. (b)—{e) The solid lines in the figure are spin wave dispersions of
the undoped BaFe,As; along the two high-symmetry directions. The symbols in (b),
(c), (d), and (e) are dispersions of spin excitations for BaFe; gNig;As,, BaFe; ;NigsAs;,
Bag 7Kg 33Fe,As,, and KFe, As;, respectively [83]. The shaded areas indicate vanishing
spin excitations.

FeP, FeAs, FeSe to FeTe. Due to the relative small
h in FeP-based superconductors, their Ts are usu-
ally lower than those in FeAs-based superconduc-
tors. For example, in La-1111 phase, as P is substi-
tuted by As, T. is enhanced dramatically from 7 to
26 K, due to the increase in h. For FeAs-based 1111
phase, as the substitutions of La by Nd and Sm in-
crease h to around 1.38 A, T increases dramatically

from 26 to 56 K. After crossing this maximum, the T,
of TbFeAsQg 7, BagsKo 4Fe,As,, NaFeAs or LiFeAs
decreases with increasing h. The data of optimally
doped FeSe;_,Te,, FeSe( s;Tep .43, seem to also fol-
low the same curve. As aresult, such a dependence of
T, on h seems to be universal for 1111, 122,111, and
11 iron-based superconductors. Though the maxi-
mum T, of the superconductors with thick blocking
layer remains unconfirmed, the data of the 42622 su-
perconductor obey the same universal curve, except
for a small deviation, which may suggest that the en-
hancement of 2D character could induce a T higher
than 56 K. It should be noted that for such a universal
correspondence between  and T, there is an excep-
tion in FeSe-derived superconductors. As shown in
Fig. 4b, for the FeSe-derived materials, a minimum
of T, can be observed at h &~ 1.45A [36], instead
of a maximum as shown in Fig. 4a. This may suggest
some new underlying physics in FeSe-derived super-
conductors compared to FeAs-based ones. The bond
angle of As-Fe-As, which reflects the distortion of the
FeAs, tetrahedron, was also thought to be closely re-
lated to superconductivity [66]. As shown in Fig. 4c,
the maximum T, was achieved when the FeAs, tetra-
hedron is perfectly regular, with the bond angle of
109.47°.

THE INTERPLAY BETWEEN MAGNETISM
AND SUPERCONDUCTIVITY

Soon after the discovery of iron pnictide supercon-
ductor LaFeAsO,_,F, with T, = 26K [3], band
calculations based on transport and optical con-
ductivity measurements predicted the presence of a
collinear antiferromagnetic (CAF) [or spin-density-
wave (SDW)] state in the parent compounds [67],
which was subsequently confirmed by neutron scat-
tering experiments as shown in the inset of Fig. 5
[58]. The same CAF state was later found in the par-
ent compounds of most iron pnictide superconduc-
tors [62]. Although the electronic phase diagrams
for different families of iron-based superconductors
can be somewhat different [21], they all share the
common feature of an AF ordered parent compound
[68]. This has inspired many to believe that the mag-
netic excitations play an important role in the mech-
anism of the high- T superconductivity in iron-based
superconductors [69]. To test if this is indeed the
case, systematic investigation on the magnetic order
and spin excitations throughout the phase diagram
of different families of iron-based superconductors is
essential. Fig. 5 shows the electronic phase diagram
of electron- and hole-doped BaFe,As, iron pnic-
tides determined from transport and neutron scat-
tering experiments [24,70-77]. For electron-doped
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BaFe,_,Ni,As,, the maximum T, = 20 K is around
x ~ 0.1 and superconductivity ceases to exist for x
> 0.25 [78]. Forhole-doped Ba; _, K, Fe, As,, super-
conductivity exists in the entire phase diagram with
maximum T, = 38 K near x &~ 0.33 and T. = 2K
for pure KFe, As, [79]. The arrows in the figure indi-
cate iron pnictides where spin excitations in the en-
tire Brillouin zone have been mapped out by inelastic
neutron scattering (INS) experiments [80-86].

Effect of electron doping on spin waves
of iron pnictides

We first discuss the electron-doping evolution of
spin excitations in BaFe,_,Ni,As,. With the devel-
opment of neutron time-of-flight spectroscopy, the
entire spin wave spectra were obtained in CaFe,As,
[87] and BaFe,As, [80] soon after the availabil-
ity of single crystals of these materials. The solid
lines in Fig. Sb show the dispersion of spin waves
in BaFe,As; along the [1, K] and [H, 0] directions
in reciprocal space, where the CAF order occurs at
the Qar = (1, 0) wave vector position [80]. Upon
electron doping to induce optimal superconductiv-
ity, spin excitations become broader at low energies
(E < 80 meV) while remain unchanged at high en-
ergies (E > 80 meV) [81]. The low-energy spin ex-
citations couple to superconductivity via a collective
spin excitation mode termed neutron spin resonance
[88-91], seen also in copper oxide superconductors
[92]. The red circle and yellow upper triangle sym-
bols in Fig. Sb show spin excitation dispersions of the
optimally electron-doped BaFe; 9Nig As, at T =5
and 150K, respectively [81]. With further electron
doping, superconductivity is suppressed for x > 0.25
[78], Fig. Sc shows the dispersions of spin excita-
tions of BaFe; ;Nip3As, compared with that of the
undoped BaFe,As, [80,83]. A large spin gap forms
for energies below ~50 meV, as shown in the dashed
line region. The dispersions of spin excitations are
also softer than that of BaFe,As, [80,83]. Fig. 5d
and e shows the dispersions of spin excitations for
optimally hole-doped Bag ;K¢ 33Fe;As; and hole-
overdoped KFe,As,, respectively. The solid lines are
the spin wave dispersions of BaFe,As, [80,83].

Fig. 6 summarizes the evolution of the 2D
constant-energy images of spin excitations in the
(H, K) plane at different energies as a function
of electron doping from the undoped AF par-
ent compound BaFe,As, to overdoped non-SC
BaFe; ;Nig3As, [75,80,83]. In the undoped case,
there is an anisotropy spin gap below ~15 meV so
there is essentially no signal at E = 9 &£ 3 meV
(Fig. 6a). Upon electron doping to suppress static
AF order and induce near-optimal superconduc-

tivity with x = x, = 0.096, the spin gap is sup-
pressed and low-energy spin excitations are domi-
nated by a resonance that couples with supercon-
ductivity (Fig. 6f) [75,89-91]. Moving to electron-
overdoped side with reduced superconductivity in
BaFe, ,Ni,As, with x = 0.15 (T, = 14K) and
0.18 (T. = 8K), spin excitations at E = 8 +
1 meV become weaker and more transversely elon-
gated (Fig. 6k and p) [75]. Finally on increasing the
electron-doping level to x = 0.3 with no supercon-
ductivity, a large spin gap forms in the low-energy
excitation spectra (Fig. 6u). Fig. 6b—6e, 6g-6j, 6i-
60, 6q-6t, and 6v—y shows spin excitations at differ-
ent energies for BaFe,_,Ni,As, with x = 0, 0.096,
0.15, 0.18, and 0.30, respectively. While spin excita-
tions at energies below E = 96 & 10 meV change
rather dramatically with increasing electron doping,
high-energy spin excitations remain similar and only
soften slightly.

The effect of hole doping on the spin
excitations of iron pnictides

Fig. 7 shows the evolution of spin excitations in the
similar 2D constant-energy images as a function of
hole doping. For pure KFe,As,, incommensurate
spin excitations along the longitudinal direction are
seen at E = 8 & 3 meV (Fig. 7a) and 13 £ 3 meV
(Fig. 7b) [86]. Upon further increasing energy, no
clear magnetic scattering can be seen (Fig. 7¢). For
optimally hole-doped Bag ;K 33FeyAs,, the low-
energy spin excitations change from transversely
elongated ellipses as shown in Fig. 6f to longitudi-
nally elongated ellipse at E = § & 1 meV (Fig. 7d).
On increasing the energy to the neutron spin reso-
nance energy of E = 15 & 1 meV, spin excitations
become isotropic in reciprocal space (Fig. 7e). Spin
excitations become transversely elongated again for
energies above E = S0 £ 2 meV (Fig. 7f-i),
very similar to spin excitations in electron-doped
BaFe,_,Ni,As, (Fig. 6). From data presented in
Figs 6 and 7, one can establish the basic trend in the
evolution of spin excitations via electron and hole
doping to the parent compound BaFe,As,. While
electron doping appears to mostly modify the low-
energy spin excitations and make them more trans-
versely elongated with increasing electron counts,
high-energy spin excitations do not change dra-
matically. Therefore, the Fermi surface modifica-
tions due to electron doping affect mostly the low-
energy spin excitations, suggesting that they are aris-
ing from itinerant electrons. The high-energy spin
excitations weakly dependent on electron-doping-
induced Fermi surface changes are most likely aris-
ing from localized moment. The lineshape change
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Figure 6. Constant-energy slices through magnetic excitations of electron-doped iron pnictides at different energies. The
color bars represent the vanadium normalized absolute spin excitation intensity in the units of mbarn sr=" meV—" f.u.~".
(a)-e) Spin waves of BaFe,As; at excitation energies of =9+ 3,19+ 5,60 4 10, 96 = 10, and 180 = 10 meV [80]. Spin
waves peak at the AF ordering wave vectors 0 r = (£1, 0)in the orthorhombic notation. Spin waves are also seenat 0 pr ~
(0, 21) due to the twin domains of the orthorhombic structure. (f}—{j) 2D images of spin excitations for BaFe; g Nig ggsAs, at
E=8+1,16 42, 60 £ 10, 96 & 10, and 181 & 10 meV. Identical slices as that of (f}(j) for (k}|{o) BaFe; gsNig5As;
and (p)-(t) BaFesg;Nig.18As; [75]. (u}-{y) Constant-energy slices through magnetic excitations of electron-overdoped doped
non-SC BaFe; ;NigsAs, at E=943,19+ 5,60 & 10, 96 & 10, and 181 == 10 meV [83].

from transversely to longitudinally elongated el-
lipse in low-energy spin excitations of iron pnictides
upon hole doping is consistent with the random
phase approximation calculation of the doping de-
pendence of the nested hole and electron Fermi sur-
faces [84,93]. The absence of dramatic changes in
high-energy spin excitations again suggests the pres-
ence of local moments independent of Fermi sur-
face changes induced by electron or hole doping.
Comparing with resonant inelastic X-ray scattering
(RIXS) results on hole-doped Ba s Ko 4Fe, As, [94],
we note that dispersion determined from RIXS is
consistent with neutron scattering while the inten-
sity is lower. At present, it is unclear how to under-
stand the intensity of the RIXS measurements.

Evolution of local dynamic susceptibility
as a function of electron and hole doping

To quantitatively determine the electron- and
hole-doping evolution of the spin excitations in iron
pnictides, one can estimate the energy dependence
of the local dynamic susceptibility per formula unit,
defined as x”(w) = [ x"(q, w)dq/[ dq, where
1"(g, @) = (1/3)tr (X, @) [8195). The
dashed squares in Figs 6 and 7 show the integration
region of the local dynamic susceptibility in recip-
rocal space. Fig. 8a and b summarizes the energy
dependence of the local dynamic susceptibility
for hole (Ba;_,, K, Fe,As, with x, = 0, 0.33, 1)
and electron (BaFe,_, Ni, As, with x, = 0, 0.096,
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Figure 7. 2D images of spin excitations at different energies for hole-doped KFe;As,
at 5K. (a) E= 8 4= 3 meV obtained with £; = 20 meV along the c-axis. The right side
incommensurate peak is obscured by background scattering. (b) 13 £ 3 meV with
E,‘ =35meV, and (C) 53 £ 8 meV with E, =80 meV. For Bag_57Kg_33FezASZ at T=145K,
images of spin excitations at (d) £=5 & 1 meV obtained with £; = 20 meV, (e) 15
=+ 1 meV with £ = 35 meV, and (f) 50 £ 2 meV obtained with £; = 80 meV. Spin
excitations of Bagg;KqssFe,As, at energy transfers (g) 115 & 10 meV; (h) 155 &+ 10
meV, (i) 195 & 10 meV obtained with £; = 450 meV, all at 9 K. Wave vector-dependent
backgrounds have been subtracted from the images [83].

0.15, 0.18, 0.3) doped iron pnictides. From Fig. 8a,
we see that the effect of hole-doping near-optimal
superconductivity is to suppress high-energy spin
excitations and transfer spectral weight to lower
energies. The intensity changes across T, for hole-
doped Bag ¢;Ko 33Fe,As, are much larger than that
of the electron-doped BaFe; gNig;As, [81]. As a
function of increasing electron doping, the local
dynamic susceptibility at low energies decreases
and finally vanishes for electron-overdoped non-SC
BaFe; 7Nig3As, with no hole-like Fermi surface
[75,83]. This again confirms the notion that su-
perconductivity in iron pnictide is associated with
itinerant electron and low-energy spin excitation
coupling between the nested hole and electron
Fermi surfaces [83].

Correlation between spin excitations
and superconductivity

In conventional BCS superconductors [96],
superconductivity occurs via electron-lattice
coupling below T.. The SC condensation energy
E. (= —N(0)A%/2 and A ~ 2hwpe /NOVo,
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where N(0) is the electron density of states at zero
temperature) and T, are controlled by the strength
of the Debye energy iwp and electron-lattice cou-
pling Vo [96-98]. For unconventional superconduc-
tors derived from electron and hole doping to their
AF ordered parent compounds, short-range spin ex-
citations may mediate electron pairing for supercon-
ductivity [69]. Here, the SC condensation energy
should be accounted for by the change in magnetic
exchange energy between the normal (N) and su-
perconducting (S) phases at zero temperature via
AEe(T) =2J[(Si+x - Sidn — (Sit« - Si)s], where |
is the nearest neighbor magnetic exchange coupling,
(Si+x - Si) is the dynamic spin susceptibility in abso-
lute units at temperature T, and S(Q,, E = fiw) is re-
lated to the imaginary part of the dynamic suscepti-
bility x"(Q @) via $(Q @) = [1+n(w, T)]x"(Q
w) with [1 + n(w, T)] being the Bose population
factor [69].

Since the dominant magnetic exchange cou-
plings are isotropic nearest neighbor exchanges for
copper oxide superconductors [99,100], the mag-
netic exchange energy AEq(T) can be directly es-
timated using the formula through carefully mea-
suring of ] and the dynamic spin susceptibility in
absolute units between the normal and SC states
[101-103]. For heavy Fermion [104] and iron pnic-
tide superconductors [83], one has to modify the
formula to include both the nearest neighbor and
next-nearest neighbor magnetic exchange couplings.
The calculations of the magnetic exchange ener-
gies in CeCu,Si [104] and optimally hole-doped
Bag¢7Ko33FeyAs, [83] reveal that they are large
enough to account for the SC condensation energy,
thus suggesting that spin excitations could be the
driving force for mediating electron pairing for su-
perconductivity. These results are consistent with
NMR experiments [105], where the presence of
low-energy spin excitations is found to be associ-
ated with Fermi surface nesting and the absence of
nesting in electron-overdoped iron pnictides sup-
presses the low-energy spin excitations. These results
are also consistent with the absence of spin excita-
tions in non-SC collapsed tetragonal (cT) phase of
CaFe,As, from INS measurements [ 106].

ELECTRONIC PROPERTIES

Electronic properties of the iron-based supercon-
ductors are critical for understanding their phase
diagram, mechanism, and transport behaviors.
In this section, we focus on the electronic prop-
erties of these compounds obtained by ARPES,
in link with some results from scanning tun-

neling microscopy/spectroscopy  (STM/STS)
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Figure 8. Energy and temperature dependence of the local dynamic susceptibility
x"(w) for (a) BaFe,As;, BaggrKoasFesAs,, KFesAs,, and (b) BaFe,—x, Niy,As; with
x. = 0,0.096, 0.15, 0.18, 0.3. The intensity is in absolute unit of u% eV~" f.u.=" ob-
tained by integrating the x”(Q, w) in the dashed regions specified in Figs 6 and 7.

measurements. We note that more detailed reviews
of the ARPES results can be found in [212,213].

The electronic structure of the iron-based super-
conductors and related materials is characterized
by the multi-band and multi-orbital nature [107].
Based on their Fermi surface topology, one could
generally divide them into two categories: (1) sys-
tems with both electron and hole Fermi surfaces,
and (2) systems with only electron Fermi surfaces.
Most of the iron pnictides and Fe(Te, Se) bulk ma-
terials belong to the first category [108-112], while
A,Fe; ,Se,, single-layer FeSe on STO, and heavily
electron-doped iron pnictides belong to the second
category [113-116]. Since most of the iron-based
superconductors are in the first category, we will
discuss its electronic properties in the following first
three subsections, while those of the second category
will be discussed in the fourth subsection. In the last
subsection, we will discuss the role of correlations
and some overall understandings of the electronic
structure.

Basic electronic structure

The low-energy electronic structure of iron-based
superconductors is dominated by the Fe 3d states

[117]. The unit cell contains two Fe ions, because
there are pnictogen and chalcogen ions above and
below the iron plane. As a result, there would be to-
tally ten 3d states and thus ten bands. However, it
was found both by polarization-dependent ARPES
experiments and density functional theory (DFT)
calculations that the Fermi surface is usually com-
posed of three hole-like Fermi surfaces near the zone
center and two electron Fermi surfaces around the
zone corner. The dy,, d., and d,. orbitals are the
main contributor to the states near the Fermi energy
Er [118,119]. Fig. 9a illustrates a typical band struc-
ture along the I'-M direction, and Fig. 9b shows the
measured Fermi surface of BaFe,(Asy-Po3), in its
3D Brillouin zone [120]. The Fermi surface topology
and band structure are rather similar for the 11, 111,
122, and 1111 series of iron-based superconductors
[108-112].

Strictly speaking, the iron-based superconduc-
tors are 3D materials; however, the electron hopping
along the ¢ direction is not strong, so that the warp-
ing of the Fermi surface along the k, direction is not
so obvious for most of the bands. However, the
band shows strong k, dependence, and its Fermi sur-
face exhibits large warping in Fig. 9b.

The carrier density of iron-based superconduc-
tors can be tuned by doping in the charge reser-
voir layer or at the Fe site. Electron and hole dop-
ing can be varied over a large range, which in turn
varies the chemical potential and the Fermi sur-
face. Fig. 9¢ shows the hole-doping evolution of
the Fermi surface sheets in Ba;_,K,Fe;As, and
the electron-doping evolution of the Fermi surface
sheets in NaFe;_,Co,As. With sufficient doping,
Lifshitz transitions of the Fermi surface topology
eventually occur in both cases [116,121].

In the case of isovalent doping, such as Ru for
Fe, P for As, or Te for Se, the Fermi surface volume
usually does not change, or change slightly for some
unknown reason, but the individual Fermi surface
sheets may change noticeably by the induced chem-
ical pressure [120,122]. The band renormalization
factor also generally decreases with doping, which
indicates the weakened correlation.

Compared with the cuprate superconductors,
which are doped Mott insulators, the iron-based su-
perconductors are less sensitive to impurities. How-
ever, the large amount of dopants will cause seri-
ous scattering of the quasi-particles that needs to be
taken into account in understanding the transport
and SC properties. The d,,-based y band near the
zone center is somehow more sensitive to impurities
[116]. The impurity scattering also strongly depends
on the locations of the dopants, which in the increas-
ing order is off-plane, at the pnictogen/chalcogen
site and at the iron site [116,123].
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Figure 9. (a) Cartoon of the band structure in iron pnictides. (b) The typical 3D Fermi
surface of iron pnictides BaFe,(Asq7Py3), [124]. (c) The doping dependence of Fermi
surface topology taken in Ba;_,K,Fe;As,. The upper panels show the photoemission
intensity distribution at £. The lower panels show the obtained Fermi surface. SS is
the abbreviation of surface state. The red and blue lines illustrate the hole pockets and
electron pockets, respectively. (d) is the same as panel (c), but taken in NaFe;_,Co,As.

The nematic phases

The nematic phases here refer to the CAF state and
the orthorhombic phase below the structural transi-
tion temperature Tj, as illustrated in Fig. 10a [125].
There are signs of a ferromagnetic orbital ordered
phase above T, which exhibits nematicity as well
[126,127]. Such a nematicity can be viewed in the
resistivity of detwinned sample shown in Fig. 10b.
STM has found nematic order with large periods,
which has not been observed by bulk measurements
[128].

In the beginning, the nesting between the elec-
tron and hole Fermi surface sheets was considered
to be the driving force of the CAF state, as it coin-
cides with the (77, 0) ordering wave vector [67]. As
a result, sometimes the CAF state was called SDW.
However, it was soon found that a good nesting of-
ten does not correspond to a CAF state [116]. On
the other hand, when the hybridization gap occurs,
it is well below Er due to crossing with the folded
bands. Moreover, the entire bands shifts, instead of
just in the vicinity of the crossing [108,110].

The evolution of the nematic electronic structure
is illustrated with the example of NaFeAs, where the

T; is above the Neel temperature [129]. The sam-
ple was detwinned with moderate pressure, so that
the electronic structure along different directions is
disentangled, starting from a slightly higher temper-
ature T than T;. As shown in Fig. 10c, the I'-M,
and ['-M,, are not equivalent in the nematic phases.
The electronic structure behaves drastically differ-
ently in these two directions (Fig. 10d and e in the
nematic phases). For the 8 band whose dispersions
are the same along these two directions in the tetrag-
onal paramagnetic (PM) phase, its position starts
to move in different directions below T/, which is
clearly demonstrated by Fig. 10f-h. The band posi-
tion difference (Apyp) saturates at low temperatures
eventually. Similar behavior hasbeen observed in de-
twinned BaFe,_,Co,As, (Fig. 10i) as well, show-
ing that it generally occurs in different compounds
[130]. Such a smooth temperature evolution across
both the structural and magnetic transitions indi-
cates that they are of the same origin, and the ne-
matic phases are characterized by the same elec-
tronic structure nematicity [110]. Different phases
could be viewed as different stages of the same evolu-
tion. At high temperatures, although the structure is
tetragonal, the electronic nematicity already occurs
above T, and the hopping parameters along a and
b start to differ. As a result, the occupations of d,.,
and d, ; orbitals become inequivalent at all Fe sites,
which can be viewed as an ferromagnetic orbital
order [127], although such a difference could be
rather small, just a few percent in the NaFeAs case
down to the lowest temperature [ 129]. Short-ranged
or fluctuating CAF order might have occurred, in as-
sociation with the nematicity. It was suggested that
the spin order is more 2D and more susceptible to
fluctuations, so that the Neel temperature is lower
than T in some cases [131]. The electronic (spin,
charge, orbital) and structural degrees of freedom all
participate into this process, so that it is likely difhi-
cult and unnecessary to identify which is the dom-
inating driving force. Nevertheless, the total elec-
tronic energy is reduced significantly, which is well
beyond the energy due to the structural change.

The anisotropy of the resistivity in the ne-
matic phase is consistent with the anisotropic elec-
tronic structure; however, recent STM measure-
ments showed that the impurity scattering can be
rather anisotropic [ 128]. This explains the variations
of the resistivity anisotropy in different compounds.
Further investigations are needed to clarify this
issue.

FeTe s a special parent compound of iron-based
superconductors, which exhibits a bicollinear AF or-
der [132,133]. Its polaronic electronic structure is
rather different from those of iron pnictides, which
is consistent with its large local moment though
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Figure 10. (a) Cartoon of the lattice and spin structure in tetragonal PM, orthorhombic PM, and orthorhombic CAF state for iron pnictides. The large
black arrows show the direction of the uniaxial pressure applied in the mechanical detwinning process. (b) The temperature-dependent resistivity of
unstressed and uniaxially stressed NaFeAs, respectively. (c) The definition of the projected 2D Brillouin zone for NaFeAs. The xand y axes are defined
along the iron—iron directions. (d) The band structure in the orthorhombic PM state along I'-M, and some other high-symmetry directions, where
only d,- and d,,-dominated bands are highlighted. (e) is the same as panel (d), but mainly along the ', direction, with the d,,-dominated bands
highlighted. (f) and (g) The temperature dependence of the EDCs at & and k;, as indicated by the gray line in panels (d) and (e), respectively. (h) The peak
positions of the B, and B, bands as functions of temperature. The maximal observable separation between 8, and 8, at the same momentum value
(i.e. |kl = |k/) near M, and M,, respectively, is defined as Ay. Ay is a function of temperature, and its low-temperature saturated value is defined
as Ay (i) Energy position of the d,, and d,, bands as a function of temperature, measured on both detwinned and unstressed Ba(Feg g75C0g g25)2AS2,
compared with resistivity measurements [125]. Data are taken from [129,130].

[111,134]. The magnetic order in FeTe can be ex-
plained by the exchange interactions amongst local
moments as well.

The SC phase

There are two critical issues in the electronic struc-
ture of the SC state: (1) what is the pairing symme-
try, and (2) what determines the T..

Pairing symmetry is manifested in the SC gap
distribution. For conventional phonon-mediated s-
wave superconductors, the gap is nodeless, i.e. the
Fermi surface is fully gapped. While for cuprates,
there are nodes (zero gap) along the diagonal direc-
tions, reflecting its d-wave symmetry. However, for
iron-based superconductors, there are both nodal
and nodeless members [135-144].

Nodeless SC gap

A large fraction of the iron pnictides are nodeless
based on thermal conductivity, penetration depth,
STS, and other measurements [ 145-148]. For such

a multi-band system, the gap amplitudes vary on
different Fermi surface sheets [149]. On individual
Fermi surface sheets, the in-plane gap distribution
is often isotropic (within the experimental uncer-
tainty), e.g. for Ba;_,K,Fe,As, shown in Fig. 11a.
The anisotropy along the k, direction usually is neg-
ligible for most Fermi pockets, but some noticeable
dependence was found for the o Fermi surface witha
sizable warping, as shown in Fig. 11b. For some com-
pounds, such as LiFeAs and Fe(Te,Se), the in-plane
gap distribution could be anisotropic as plotted in
Fig. 11e , which was attributed to the Fermi surface
shape or different pairing interactions mediated by
various exchange interaction terms.

Theoretically, the s™-wave pairing symmetry
was proposed for the iron-based superconduc-
tors [150,151]. However, its proof requires phase-
sensitive techniques to detect the phase difference
among various Fermi surface sheets. The magnetic
field dependence of the quasi-particle interference
pattern of Fe(Te, Se) observed by STM was shown
to support the s™-wave phase-changing scenario
[152].
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Figure 11. (a) The illustration of the in-plane gap distribution on the Fermi surface in BaggKo4Fe;As;. The inset shows the
temperature dependence of the SC gap. (b) lllustration of the gap distribution on the 3D Fermi surface in BaggKq4FesAs;.
(c) k, dependence of the symmetrized spectra measured on the o hole Fermi surface in BaFe,(Asy;Pg3),. The dashed line
is a guide to the eyes for the variation of the SC gap at different k, values. The inset shows the polarization-dependent
Fermi surface maps around Z indicating the o pocket around Z is mainly composed of the d? orbital. (d) lllustration of the
gap distribution on the 3D Fermi surface of BaFe,(Asq7Pg3);. () and (f) The in-plane SC gap distribution on LiFeAs and
NaFe;_,Co,As, respectively. Data are taken from [124,135,159,214].

Nodal SC gap

The nodal SC gap was found in some iron pnic-
tides with pnictogen height less than 1.334,
KFe,As;, and FeSe film grown on graphene
[141,143,144]. As shown in Fig. 11c-d, the nodal
gap of BaFe, (As;_,P,), is located in a ring around
Z on the o hole pocket with significant warping
and contribution from the d,. orbital [124]. This
indicates its ‘accidental’ appearance, and rules out
the symmetry-related origin of the nodes [150,151].
Theoretically, it has been shown that d,» does not
contribute much to pairing [153]. This hole Fermi
pocket is from the same o band whose gap shows
significant k, dependence in the optimally doped
Ba;_,K,Fe,As, (Fig. 11b); thus, similar origin is
expected for both.

For KFe,As; and heavily doped Ba;_,K,Fe,As,,
laser-ARPES work indicates that the gap nodes ap-
pear at certain points around Z on a Fermi pocket
with strong d,» characters [154], while some other
ARPES studies show that they appear on some
small hole pockets near M as vertical nodal lines
[155]. Whether these are due to sample depen-
dence or due to the high k, resolution of laser-
ARPES needs further clarification. However, the
important message is that the nodes in these com-

pounds are accidental, and not due to d-wave or
other phase-changing pairing symmetry. This unites
the nodal and nodeless gap behavior in one single
scheme.

Gap in CAF/superconductivity

coexisting regime

As demonstrated by SR, neutron scattering and
ARPES studies, there is a unique SC regime in
the phase diagram of iron-based superconductors,
where CAF order and superconductivity coexist
[156-160]. Particularly, the recent STM measure-
ments of NaFe;_,Co,As show the microscopic co-
existence and competition of these two orders [161].
The presence of such a unique regime puts strong
constraints on the possible paring symmetry. For
example, such a coexistence would not be possi-
ble, had the pairing symmetry been s™-wave type,
where the phases of the SC order parameter are the
same on various Fermi surface sheets. On the other
hand, some calculations based on the s*-wave pair-
ing suggest that CAF order would induce strong gap
anisotropy, and by increasing strength of the CAF
order, even nodes could be induced [162,163]. Con-
sistently, a strong gap anisotropy has been observed
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on the electron Fermi surfaces for NaFe;_,Co,As
in the coexisting regime, but not in the pure SC
regime (Fig. 11f), although their dopings differ just
slightly.

This might explain the nodal gap observed in the
FeSe film grown on a graphene substrate by STS,
since obvious signs of CAF order or strong fluctua-
tions have been observed by the recent ARPES mea-
surements of multi-layer FeSe films grown on the
STO substrate [115,144]. As a comparison, the STS
measurements show that the gap of Fe(Te, Se) is
nodeless, where CAF order is not present [152].

Electronic features correlated or uncorrelated

with the superconductivity

T.-determining factors are crucial for understand-
ing the mechanism of superconductivity in uncon-
ventional superconductors. Many empirical obser-
vations have been made as to what affects the T,
for iron-based superconductors. First of all, it was
found that near the optimal doping of some iron
pnictides, certain electron and hole Fermi pockets
are better nested, namely they can overlap on each
other when shifted [136]. While doped away from
the optimal doping, the nesting worsens, since elec-
tron and hole pockets change differently. However,
various counter examples have been found later.

In some iron pnictides, such as BaFe,_,Co,As,
and NaFe;_,Co,As, it was found that the super-
conductivity diminishes when the system is doped
with suficient electrons so that a Lifshitz transition
occurs (specifically, the d,./d,.-based hole pock-
ets disappear) [116,164]. Such a correlation with
the superconductivity suggests the importance of
this hole Fermi surface. However, later, a counter
example is found in Ca;o(PtsAsg)(Fe;_, Pt As))s
(T. ~ 20K), where only d,,-based hole pocket
exists [165]. A likely cause is that the d.y-based
bands are strongly scattered by Co dopants in
BaFe,_ ,Co,As; and NaFe; ,Co,As, while it is not
strongly scattered in Ca;o(PtyAsg)(Fes— Pt Asy)s.
This highlights the effects of impurity on the su-
perconductivity. Furthermore, Cr, Mn, Cu, and
Zn dopants at the Fe site kill superconductivity
much more effectively than Co and Ni. Their effects
on the electronic structure have been extensively
studied [166,167].

Electron correlation or, more specifically, spin
fluctuations are found to correlate with the su-
perconductivity. It manifests as the distance from
the CAF phase, the band renormalization factor,
or the dynamical spin susceptibility measured by
INS. These general observations suggest that the
superconductivity in iron-based superconductors is
mediated by magnetic interactions. In a local

pairing scenario, the gap functions of various
iron-based superconductors were fitted rather well
by including exchange interactions between nearest
neighbors, the next-nearest neighbors, and the
next-to-next-nearest neighbors [168].

So far, a more quantitative correlation between
certain electronic properties and superconductivity
remains lacking, besides that the SC gap generally
scales with T.. This illustrates the complexity of the
problem and requires further systematic work.

A.Fe;_,Se; and FeSe thin films

A,Fe; ,Se; and single-layer FeSe thin films grown
on the STO substrate are the two known iron-based
superconductors with only electron Fermi surface
[114,115,169]. Heavily electron-doped iron pnic-
tides have only electron pocket; however, they are
non-SC, as the spin fluctuations diminish [121].
These two chalcogenides with unique electronic
structure and rather high T pose challenges on the
physical pictures established previously for systems
with both electron and hole Fermi surface sheets.

AXFEQ,ySEQ

The SC A,Fe, ,Se, sample is phase separated, con-
taining iron-vacancy ordered insulating domains
and SC domains in nanometer scale, as illustrated
in Fig. 12a. The electronic structure of the insulat-
ing phase behaves like a Mott insulator. A semicon-
ducting domain was found in some materials, whose
band structure is similar to that of the SC domain,
except that all the bands are filled. The phase separa-
tion was observed both by ARPES and STM, among
other measurements [170-173].

For the SC phase, the Fermi surface of
K.Fe, ,Se; is shown in Fig. 12b. The two electron
Fermi surfaces around the zone corner cannot be
resolved, and there is a small k electron pocket
around Z [114]. The gap distributions on these
Fermi surfaces are isotropic as shown in Fig. 12c and
d [174]. This and the neutron resonance peak [175]
pose severe challenges on theory regarding what
kind of pairing symmetry presents in this system.

FeSe/STO thin films

The likely high T. of 65K in the single-layer
FeSe/STO film has raised a lot of interest
[14,115,169]. The largest and isotropic SC gap
has been observed by ARPES and STS. The FeSe is
found to be doped by electron transferred from the
oxygen vacancy states in the STO substrate [115].
The superconductivity is found only in the first layer
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Figure 12. (a) Cartoon for mesoscopic phase separation in SCK,Fe;_,Se;. (b) The Fermi
surface of the SC phase. (c) Gap distribution on the 8/5 electron pocket around M in
polar coordinates, where the radius represents the gap and the polar angle 6 represents
the position on the 8/ pocket with respect to M, with & = 0 being the M-T" direction.
(d) is the same as (c), but for the « pocket. Data are taken from [114,170,174].

on the substrate. For a multi-layer FeSe film, which
is undoped, there are both electron and hole Fermi
surfaces, and the electronic structure reconstruction
corresponding to the CAF order is observed [115].

By further expanding the FeSe lattice with
FeSe/STO/KTO heterostructure, the two electron
Fermi pockets become more elliptical and resolvable
[176]. The lack of hybridization between them and
the strong gap anisotropy provide more constraints
on theory, suggesting sign change in Fermi sections
and inter-band pair-pair interactions [ 177]. The gap
closes around 70 K in FeSe/STO/KTO, even now
75 K for the FeSe/BTO/KTO film [178], indicating
a new route to enhance the superconductivity.

The critical role of correlations

Electron correlation is manifested in the band renor-
malization factor of the iron-based superconductors.
Fig. 13(al) illustrates the evolution of dispersion
in NaFe;_,Co,As; the band becomes much lighter
withincreased doping. In the heavily electron-doped
case, the correlation (or spin fluctuation here) is very
weak, as they are far away from the CAF phase. As a
result, they are non-SC. However, its Fermi surface
is very similar to that of K,Fe, ,Se,, but the latter
has a much larger band mass or narrow bandwidth
(Fig. 13(a2)), and a T, around 30 K. The strong cor-
relation in K.Fe, ,Se, is likely related to its large

lattice constant, since for the multi-layer FeSe films,
it was found that the CAF ordering strength in-
creases with increased lattice constant (Fig. 13b).
These FeSe films are under high tensile strain, whose
lattice constants are much larger than that of bulk
FeSe [115].

The electronic structure is itinerant in most of
the iron-based superconductors. However, there is
an effective local moment [134], and the coupling
between the itinerant electrons and local moments
(which are the two sides of the same coin) gives the
Hund’s rule coupling, the main correlation source in
these compounds [179,180]. Such a Hund’s metal
behavior is also responsible for the CAF order in
these materials. In fact, the energy scale of the elec-
tronic structure reconstruction is found to scale
with the T,/Ty and the local moment measured
by the neutron scattering, as shown in Fig. 13c
[58,115,181-190].

Local moments are important for superconduc-
tivity as well. Taking systems like the c¢T phase as
an example, where core-electron spectroscopy indi-
cates the absence of local moments, the supercon-
ductivity disappears, and bands become less corre-
lated. The electronic structure of the cT phase is
similar to that of BaFe,P,, where the small lattice
constants enhance the hopping and thus the itiner-
acy. Relatedly, for the single-layer FeSe/STO film
or A.Fe, ,Se,, their superconductivity should be re-
lated to the enhanced correlations by the expanded
lattice.

Assuming that the superconductivity of all the
iron-based superconductors is due to one unified
mechanism, the results obtained on the above two
categories of compounds actually would help to sort
out the SC mechanism. The gap is generally isotropic
and nodeless (nodes being accidental) in these sys-
tems, although there could be sign changes in differ-
ent Fermi pockets or sections. The dramatic differ-
ence in the Fermi surface topologies indicates that
the pairing is local in the real space, mediated by
short-range AF interactions.

Finally, we note that although a general experi-
mental phenomenology has been established, there
are still many remaining open issues to be addressed.
For example, in the recent FeSe/STO studies, it was
suggested that the interface has a non-trivial role in
the superconductivity, and particularly the interfa-
cial phonon might play an importantrole [178,191].

THEORY

Theory of high-T, superconductivity remains one
of the most fundamental and challenging problems.
The BCS theory fails to explain why the SC transition
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Figure 13. (a1) The doping dependence of an electron-like band # around the zone corner for NaFe;_,Co,As with x = 0.045,
0.065, 0.146, and 0.318, respectively. (a2) The electron bands around the zone corner of Kq 77Fe; gsSe,. Note that the photon
energies used for different samples are not the same but all correspond to the same &, in the 3D Brillouin zone. (b) Phase
diagram of FeSe. The T, and T, for FeSe are plotted against the lattice constants. The right side is based on thin film ARPES
data, and the left side is based on the transport data of FeSe single crystal under hydrostatic pressure taken from [215].
The dashed line represents the extrapolated 7,'s, which is the temperature when the band starts to reconstruct or become
nematic (i.e. T4 = T/). Values of T.s for other iron selenides are also plotted in the elliptical region. (c) Band separation
measured by ARPES and ordered moment measured by neutron scattering as a function of T4. The dashed line is a guide for

the eyes. Data in panels (c) and (d) are taken from [115].

temperatures for both cuprate and iron-based super-
conductors can be much higher than the possible up-
per limit for electron-phonon-mediated supercon-
ductors (40K) [192]. The highest T, ~ SSK of
iron-based superconductors [6] is still much lower
than that for the cuprate superconductors (164K
under high pressure). However, the study for the
iron-based superconductivity is of particular inter-
est because (1) Fe? T ions have magnetic moments
which are generally believed to be detrimental to su-
perconductivity, and the discovery of high-T, super-
conductivity in iron pnictides has overturned this
viewpoint and opens a new direction for exploring
new superconductors; (2) there are strong AF fluc-
tuations in iron-based superconductors and the in-
vestigation to these materials may help us to under-
stand more deeply the pairing mechanism of high-T,
superconductivity in general.

Iron-based superconductors, including iron pnic-
tides and iron chalcogenides, are quasi-2D mate-
rials. They have very complicated electronic struc-
tures and competing interactions. To understand
the mechanism of iron-based superconductivity, the
first task is to establish the minimal model to de-
scribe the low-energy electronic excitations in these
materials. A key issue under debate is whether the
system is in the strong or weak coupling limit, since
the interaction that drives electrons to pair can be
very different in these two limits.

Band structure

From first-principles DFT calculations, we know
that the low-energy excitations of electrons in
iron-based superconductors are mainly contributed
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Figure 14. (a) Electronic band structure and (b) band structure in the PM phase for
BaFe,As; in the folded Brillouin zone. (c) and (d) are the sectional views of the Fermi
surface through symmetrical k-points Zand I" perpendicular to the z-axis, respectively

(193].

by Fe 3d electrons. At high temperatures, iron
pnictides/chalcogenides are PM metals. At low tem-
peratures, most of parent compounds, including
LaFeAsO, BaFe,As;, and other 1111 and 122 pnic-
tides, and FeTe, are in the AF metallic phase.
They become SC upon electron or hole doping.
For LaFePO, LiFeAs, or other 111 pnictides, the
parent compounds without doping are SC at low
temperatures.

As an example, Fig. 14 shows the Fermi surface
and the band structure for BaFe;As, in the high-
temperature PM phase [193]. Similar band struc-
tures are found for other iron pnictides [194,195]
and chalcogenides [133]. In general, there are five
bands across the Fermi surface. Among them are
two electron-like Fermi surfaces centered around
M = (7, 0) and its equivalent points and two hole-
like Fermi surfaces centered around the zone cen-
ter ' = (0, 0). For 1111 or hole-doped 122 mate-
rials, in addition to the above four surfaces, there is
one more hole-like Fermi surface appearing around
Z. This band is more 3D like than the other four
bands and shows a large energy-momentum dis-
persion along the c-axis. The band structure of the
single-layer FeSe grown on the SrTiOj; substrate is
relatively simple [196]. There are only two bands,
located around (77, 0) and (0, 77 ), across the Fermi
level [197]. The qualitative feature of the band struc-
tures obtained by the DFT calculation agrees with
the ARPES measurements. But the bandwidth and
the effective mass of electrons around the Fermi
surface are found to be strongly renormalized by
correlation effects which are ignored in the DFT
calculation.

Minimal model for describing iron-based
superconductivity

Our discussions on minimal model below will be
based on strong coupling point of view, where we
consider that the electron interaction is strong. The
weak coupling viewpoint starts with itinerant elec-
trons and treats electron interaction as a pertur-
bation. The weak coupling theories may explain a
number of experiments in iron-based superconduc-
tivity [26,27]. However, they have difficulties in
explaining local magnetic moments and supercon-
ductivity in systems without Fermi surface nesting.
Among the five 3d orbitals of Fe ions, d,., d,., and
d., contribute most to the low-energy excitations.
These orbitals couple strongly with each other and
with the other two Fe 3d orbitals, d,>_,2 and d.2, by
the Hund’s rule exchange interaction. In the atomic
limit, an Fe®" ion possesses a large magnetic mo-
ment, ~4up, with a total spin S = 2. When Fe
atoms form a crystal by hybridizing with As and
other atoms, these 3d electrons may become itin-
erant. If all 3d orbitals of Fe become highly itiner-
ant, one would expect that the magnetic moment
of Fe will be completely quenched. However, neu-
tron and other experimental measurements indicate
that the magnetic moments of Fe remain finite at
least for most of undoped or slightly doped iron
pnictides/chalcogenides [58,132,198]. For exam-
ple, the ordering moment of Fe in the AF ordered
state is about 0.37up for LaFeAsO [58], 2 for
FeTe [132], and 3.31up for K,Fe Ses [198]. It
should be pointed out that the Fermi surface nest-
ing effect cannot give such a large ordering moment,
and the magnetic moment of Fe must have the con-
tribution from electrons whose energy is well below
the Fermi level [ 193]. The total moment of an Fe ion
is a sum of the ordering moment and the fluctuating
moment. The fluctuating moment results from ther-
mal and quantum fluctuations of Fe moment and is
zero on average. A small ordering moment does not
mean that the total moment of an Fe spin is also
small. The total moments in most of 1111 and 122
pnictides can in fact be much larger than the order-
ing moments, which suggests strong quantum fluc-
tuation in the parent compounds.

The existence of Fe moments in these materials
means that not all Fe 3d electrons are equally con-
ducting, some of them are more localized than the
others. From the first-principles density functional
calculation, it was found that the crystal splitting of
the 3d orbitals is small, but the hybridization be-
tween Fe and As/Se atoms and the on-site Coulomb
interaction vary differently for different 3d orbitals.
This may lead to a Hund’s rule coupling assisted
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orbital-selective Mott transition [199] and allocate
a finite magnetic moment for each Fe by localizing
some 3d orbitals. Thus, Fe 3d electrons possess both
local and itinerant nature. The low-energy charge dy-
namics is governed by itinerant 3d electrons and be-
haves more like in a conventional metal with weak
correlation, whereas the spin dynamics is essentially
governed by localized moments and behaves more
like in a strong coupling system. Moreover, these
itinerant electrons and local moment are not inde-
pendent; they are actually coupled together by the
Hund’s rule coupling. This is similar as in a colossal
magnetoresistance manganate, where the double ex-
change interaction induced by the Hund’s coupling
between localized and itinerant electrons is impor-
tant. Of course, the Coulomb screening of conduc-
tion electrons to the local moments is stronger in Fe-
based materials. This may explain why the magne-
toresistance is fairly large in the AF ordered phase in
FeTe or other Fe pnictide materials.

Iron-based materials exhibit various AF orders.
These orders are driven predominantly by the mag-
netic interactions between Fe spins, among them
the most important one is the superexchange inter-
action between Fe spins mediated by As or Se 4p
electrons [195]. The superexchange interaction de-
pends on the hybridization between 3d and 4p or-
bitals, in particular on the bond length and the angle
of Fe-As-Fe. Besides this, there is also a direct ferro-
magnetic exchange interaction between two Fe ions,
which is determined by the wavefunction overlap be-
tween two 3d orbitals on the two neighboring Fe
sites. These exchange interactions are short ranged
which extend mainly to the nearest and next-nearest
neighbors for Fe pnictides or Fe selenides, and to
the third next-nearest neighbors for Fe tellurides
[194,195,200].

The above discussion suggests that the minimal
model for describing iron-based superconductors is
approximately given by [193,199]

H= th;ﬁc;icﬁ',- + Zsi S,

ij.ap (ij)

+J2) 8-S, (1)
(i)

where o and § are the orbital quantum number of

o c;iaca,,—/Z. The

first term is the tight binding Hamiltonian of itiner-
ant electrons. The second and third terms are the ex-

itinerant electrons, and S; =

change interactions between Fe spins on the near-
est and next-nearest neighboring sites, respectively.
If one ignores the charge fluctuation and considers
only the spin dynamics, this Hamiltonian reduces to
the J; — J, model [194,195]. In this case, the ground

state is CAF ordered if J, > J; /2. This is indeed the
AF order that is observed by neutron scattering mea-
surements [ 58] in most of the parent compounds of
iron-based superconductors. In passing, we note that
the minimal model approximates the spin—spin cou-
plings independent of the five d-orbitals, and has not
included Hund’s rule interaction.

Iniron-based superconductors, the difference be-
tween center momenta for the electron and hole
bands, i.e. M and I, coincides with the characteris-
tic wave vector of the J, term. Thus, the ], term cou-
ples strongly with the electron and hole Fermi sur-
faces. This term is believed to play an important role
in driving both AF and SC orders. If the hole and
Fermi surfaces are perfectly nested, then the J, cou-
pling will be strongly amplified in the phase space
integration, leading to certain Fermi surface nesting
effect, such as the SDW instability. Doping can
change the phase space that is connected by the
nesting vector, which can strengthen the SC order
and weaken the AF order, or vice versa. In general,
the competition between SC and AF correlations
is strong in these materials. The SC order emerges
when the AF order is suppressed.

Gap symmetry and structure

In a SC phase, quantum fluctuations are suppressed
by the SC long-range order and the BCS mean field
approximation is valid. The pairing gap of electrons is
an order parameter characterizing a SC state. Physi-
cal properties in a SC state can be well described by
the BCS theory once the gap function is known. This
is the reason why the gap function is of particular in-
terest for study. While a non-s-wave symmetry may
indicate unlikely phonon-mediated pairing, the pair-
ing symmetry alone is not sufficient to determine the
pairing interaction.

The gap symmetry is determined by the pairing
interaction. If the pairing is induced by electron—
phonon interaction, it is generally expected that the
energy gap has s-wave symmetry. On the other hand,
ifthe pairingis induced by AF fluctuations, a spin sin-
glet d-wave (for example in high-T, cuprates) or spin
triplet p-wave (for example in Sr;RuQOy) pairings are
possible, depending strongly on the band structure,
especially on the structure of Fermi surfaces. This is
because the SC pairing is a low-energy effect and in-
volves only excitations of electrons around the Fermi
surface. For the same pairing interaction, the gap
symmetry may change with the change of the Fermi
surface.

The gap symmetry is classified according to the
point group of crystal. Theoretical study suggested
that the pairing gap of iron-based superconductors
has conventional s-wave symmetry [151,201-203],
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namely in the identity representation of point
group. This has been confirmed by spectroscopy
and transport measurements on most of iron-
based superconductors including Ba;_.K,Fe,As,,
BaFe,_,Co,As,, KxFe,_,Se;, and FeTe;_,Se,.
However, for KFe,As;, BaFe,_,Ru,As;, and nearly
all phosphorus-based superconductors, LaFePO,
LiFeP, and BaFe,As,_,P,, it was found that gap
nodes exist. The presence of gap nodes generally im-
plies that the pairing symmetry is unconventional,
although an extended s-wave pairing may have
accidental nodes on one or more Fermi surfaces.
Fe-based superconductors are multi-band sys-
tems. There are several bands across the Fermi level.
Even if we assume that the pairing has s-wave sym-
metry, the relative phases of gap functions can be
different on different Fermi surfaces, depending on
inter-band pairing amplitudes to be attractive or re-
pulsive. If the gap function has the same phase on
all the Fermi surfaces, the pairing is said to have s*
symmetry. On the other hand, if the gap function has
opposite phases on different Fermi surfaces, the pair-
A symmetry.
The relative phase of the gap function is deter-

ing is said to have s

mined by the interaction between Cooper pairs on
different bands. For iron-based superconductors, if
the pairing is induced by the AF fluctuations, inter-
action between Cooper pairs on the electron and
hole bands will generally be repulsive. In this case,
the SC phases are opposite on the hole and elec-
tron Fermi surface, and the gap function has s™~
symmetry [151,201-204]. However, if the pairing
is induced by the orbital fluctuation and the SC in-
stability happens in the A;, channel, the interac-
tion between Cooper pairs on the electron and hole
bands is attractive, and the gap function will have
sT symmetry [205]. Thus, from the relative phases
in the gap function, one can determine whether the
SC pairs are glued by AF fluctuations or by orbital
fluctuations.

In the literature, there are quite many discussions
on the phase structure of the gap function. How-
ever, this phase structure is not in the angular orien-
tation and is not sensitive to most experiments. It is
actually very difficult to resolve unambiguously this
seemly simple phase problem [206]. Foran st~ su-
perconductor, it is expected that a strong neutron
resonance peak exists around the momentum link-
ing hole and electron Fermi surfaces, ie. at M =
(7, 0) and equivalent points. This resonance peak
has in fact been observed in nearly all iron-based
superconductors [207,208], lending strong support
to the theory that predicts the pairing to have s™~
symmetry. From the experimental observation of
quantum interference of quasi-particles with mag-
netic or non-magnetic impurities, it was also found

that an s*

~ pairing is more likely [152]. On the
other hand, from Anderson’s theorem, it is well
known that non-magnetic impurity scattering does
not affect much the transition temperature for st
superconductors, but it may reduce strongly the
transition temperature for st superconductors. In
particular, the transition temperature of an s~
superconductor should decrease with increasing
impurity concentration. However, for iron-based
superconductors, the critical transition temperature
does not depend much on the quality of samples.
This seems to suggest that the s™* pairing is more
favored. More systematic study of various impu-
rity effects provides mixed information [209], which
may suggest non-universal behavior on the relative
phases in iron-based superconductors, in contrast to
the universal d-wave pairing in high-T, cuprates.

The SC and AF orders are two competing orders.
Generally theyrepel each other. However, if the pair-
ing has s7~ symmetry, theoretical calculation sug-
gested that these two kinds of orders can coexist
[210]. Experimentally, this kind of coexistence has
indeed been observed in BaFe,As,, Ba;_,K,Fe,As,,
and SmFeAsO;_,F, with Co substituting Fe or with
P substituting As [73,211], and in K,Fe,Se,. But
in these systems in which the coexistence was ob-
served, the SC gap was also found to have line nodes.
It is unknown whether the coexistence is caused by
the st~ pairing symmetry or by the line nodes, or the
other way around.

SUMMARY AND PERSPECTIVE

In this article, we have reviewed a number of phys-
ical properties of iron-based superconductors. Dur-
ing the past six years, tremendous progress has been
achieved in the synthesis of materials, growth of
single crystals, characterization of crystal structures,
measurements of thermodynamics, and transport
and various spectroscopic quantities for iron-based
superconductors. This has given us a comprehen-
sive understanding on the chemical and crystal struc-
tures, band structures, spin and orbital orderings,
pairing symmetry, and other physical properties of
iron-based superconductors. In particular, the nor-
mal states of Fe-based superconductors have multi-
ple Fermi surfaces including electron Fermi pockets
and hole Fermi pockets. This indicates importance of
multi-orbitals in these materials. Fe-based supercon-
ductors are proximate to antiferromagnetism, which
suggests that AF fluctuations are responsible for the
observed superconductivity.

Studies on the mechanism of iron-based super-
conductivity are an important part of research on
the mechanism of high-T, superconductivity. Any
progress in this direction may have strong impact
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on the study of theory of strongly correlated quan-
tum systems. To investigate the SC mechanism,
one needs to find out the microscopic origin that
causes the pairing of electrons and establish a the-
ory that is capable of explaining existing experimen-
tal data and predicting new experimental effects. This
remains a challenging task. Similar to the cuprate
superconductivity, iron-based superconductivity is
generally believed to originate predominantly from
the electron—electron repulsive interaction, which
induces AF fluctuations. Superconductivity induced
by AF fluctuation has recently been reviewed by
Scalapino [69]. In the present theories based on
AF fluctuation, one approximates the pairing vertex
solely in terms of the exchange of AF fluctuations.
This should be reasonable in some cases such as
heavy fermion superconductivity, where the SC state
is near the AF quantum critical point. In cuprates,
there is also the Mott physics. In iron-based SC
materials, we have argued that the systems are in
strong coupling limit. Furthermore, the system may
well have orbital-selected Mott physics. Theoreti-
cal description of high-T' superconductivity in both
cuprate and iron-based superconductivity remains a
great challenge.

Iron-based superconductors are multi-band ma-
terials. All five 3d orbitals of Fe hybridize strongly
with As or Se 4p orbitals. They also couple strongly
with each other and have contribution to both itin-
erant conducting electrons and localized magnetic
moments. This brings much complexity to the un-
derstanding and explanation of experimental phe-
nomena. We are lacking a clear physical picture with
reliable theoretical tools to treat an electronic sys-
tem with strong coupling between itinerant and lo-
calized electrons. Theoretical study for iron-based
superconductors relies more on phenomenological
analysis of experimental observations and on various
approximations.

In short, the iron-based SC mechanism is a chal-
lenging problem. To solve this problem, we need
to further improve the quality of single crystals and
the resolution of measurements. Besides the rou-
tine measurements and characterizations, it is more
important to design and carry out smoking gun ex-
perimental measurements to solve a number of key
problems, for example the problem whether the gap
function has the s™~ symmetry. This will reduce
greatly the blindness in the theoretical study and
leads to a thorough understanding of iron-based
superconductivity.

Fe-based materials have highest SC T, next to
cuprate. Their discovery has greatly encouraged the
search for other superconductors with higher T..
While we are still far from the stage to predict
high-T, materials, there is good progress along this

development. It is possible in future that theory
may guide the search or synthesis of the high-T,
superconductors.
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