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Abstract: The discovery of superconductivity at 26 K in F doped LaOFeAs has stimulated enormous interests in the field
of condensed matter physics. In short two years more than 1 000 scientific papers have been published, the family of the
iron pnictide superconductors has been quickly expanded to seven different structures and the superconducting transition
temperature has been rapidly raised to about 55 ~57 K. In additional the pairing mechanism has been categorized as un-
conventional with the antiferromagnetic spin fluctuations probably as the pairing media. This article will give a brief review
on the progress of both materials and physics in this field. We will also give some perspectives on the possible applications
of these new superconductors.
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1 Introduction

Superconductivity is achieved by the quantum condensation of
large amount of paired electrons in the condensed matter. The
consequence of this condensation is the vanishing of resistivity at
finite temperatures and exclusion of magnetic field. Due to the ex-
cellent performance of a superconductor under a high current or
magnetic field, any new superconductors with high transition tem-
peratures are highly desired, for the purpose of potential applica-
tions. By the end of February 2008, a Japanese group led by
Hosono in Tokyo Institute of Technology, found superconductivity
at 26 K in F doped LaOFeAs'’. This type of materials can be
traced back to 1974 when Jeitschko et al. were exploring the new

Later on, a German group fabricated a lot
(3]

functional materials™’.
of materials with the same ZrCuSiAs structure ™. They are gener-
ally called as quaternary oxypnictides in a general formula as

LnOMPn ( where In = La, Ce, Pr, Nd, Sm; Eu and Gd,
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etc. ; M=Mn, Fe, Co and Ni, etc. ; Pn =P and As, etc. ).
In Fig. 1 we show the typical structure for LaOFeAs. The system
has a layered structure and a tetragonal P4/nmm space group,
with a stacking series of — (LnQ), - (MP), — (LnO), —along c-
axis. In one unit cell, there are two molecules of LnOMP, and it
is valence self-balanced in the parent phase, i. e., (LnO)"'is
balanced by (MP) ~'. Some of them, the Fe and Ni based com-
pounds, were shown to be superconductors and thus constructed

another new family of superconductors without copper™ ™.

Fig. 1  Skeleton of the LaFeAsO structure. The LaO and
FeAs layers stack along c-axis alternatively



58 WEN Haihu: Research on Materials and Superconductivity in Iron Pnictides 19

2 Materials and structures

The discovery of superconductivity at 26 K in F-doped
LaFeAsO has stimulated a new round of intense study in the field
of superconductivity. Since then, the chasing of fabricating the
new iron pnictide superconductors has been taken in a dramatic
way. Within short two years, about seven different structures of
the FeAs family members have been found. In Figure 2, we pres-
ent the chart plot of the seven different structures of FeAs-based
materials found so far. Just by their formulas, they are called in

short now as 11, 111, 122, 1111, 32522 and 21311 (or
42622), and the latest 43822. It is evident that all the families
have the FeAs planes as the basic building layers, and they are
sandwiched by other layers which are supposed to be the charge
donors, or making the internal pressure so as to influence the e-
lectronic properties. In Table 1, we also give the transition tem-
peratures and the lattice parameters of all the structures. So far,
only the 32522 family does not exhibit clear evidence of supercon-
ductivity, all other families show superconductivity with the high-

est transition temperatures (55 ~57 K) in the 1111 family™ ',

Table 1 Six different structures and typical superconductors in the FeAs based system
(RE =rare earth, AE =alkaline earth, TM=3 d -5 d transition metals)

Families ¥ 1 T Lattice parameters a, ¢/nm Bond angles/(°)
amiiies ormua ‘ As height to Fe-plane h/nm O _As—Fe  BAs—Fe-As
. Fe,, Se, FeTe,  Se, 8 K[ a=0.3792, ¢=0.5955 a=99.08
FeSe or FeTe (HP) 27 Klo-11) h=0.1617 B=114.9°
LiFer R For LiFeAs ¢ =0.379 1, a=103.1
. ets ¢=0.636 4, h=0.1505 B=112.74
NaFeA. 13 (1 For NaFeAs a =0.394 5, o =108. 65
arens -
¢=0.699 7, h=0.1416 B=109. 88
Electron doping: NdFeAsO. F
1111 REFeAsO, _F, 55 ~56 KL6:8:14.15] 60 ;9‘8’; : a=112.43
Oxygen based Hole doping: 25 Kl16:17] o 8d6; 2' N —O, 1333 B =108.01
RE, _ AE FeAsO =" » =
AE, _ RE FeAsF
1111 i - N s6 57 K[15.709] CaFeAsF 0 =0.399 3, a=111.2
Fluorine based A(E ];“‘r‘; “‘“C ’) - ¢=0.8955, h=0.1367 B =108.61
=Ba, Sr, Ca
AE, _ AL Fe,As, 38 K[20]
122 AE(Fe, _,TM,), As, 20 ~28 K21~ Bale, As; a =0.3917, o =109. 66
AEFe e P 30 K251 ¢=1.3297, h=0.138 0 B =109.38
2 2 -xtx
=0.406 9, ¢=2.6876 a=113.34
32522 SrySe, 05 Fe, As [27] a ) ,
et oK h=0.133 8 B=107.57
37 K
=0.3930, c=1.567 3 a=108. 1
21311 (42622 Sr, VO; FeAs (29 ¢ ’ ’
(42622) R 46 K (HP) h=0.142'5 B=110.16
HP = high pressure
. =0.387 7, ¢=3.337 a=108.33
43822 Ca, (Mg, Ti);04_sFe,A [30] a , ,
a4 (Mg, Ti)305Fe, As, 42K h=0.14 B =110.05

In the FeAs-based superconductors, the Fe-layer is formed
in a square lattice structure with the Fe-Fe distance of about
0.26 nm. The As atoms reside on top and below the Fe-layer al-
ternatively and locate at the center of the Fe-atom squares. Three
typical bond angles are marked by «, B8 and y, as shown in Fig-
ure 2 and 3. The four As atoms and one Fe atom construct a tetra-
hedron. These bond angles, together with the height between the
As to the Fe-planes are essential in governing the superconductivi-
ty as argued by Lee et al. *') and Kuroki et al. ™*'. Empirically it
was found that the highest superconducting transition temperature
occurs with a regular tetrahedron, « =8 =109°, y =71°, but
the underlying physics is still unknown. Actually the As-Fe height
dependence of T, is also non-monotonic function™.

The band structure calculation was done on the LaFePO sys-
tem in 20077, In the FeAs system, the band structure looks
quite similar to that in the LaFePO system: the five orbits of the

. 2 2 2 2
Fe-3d electrons, 1. e., xy, x =y, xz, yz, 327 —r all cross

11 111 1111 122 32522 42622 43822
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Fig.2  Seven different structures of the FeAs-based materials
which contain the FeAs planes as marked by the frame.
The formulas given here represent the typical ones. RE
stands for the rare earth elements
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Fig. 3 The skeleton plot of the atomic structure of BaFe, As,.
Three typical bond angles a, B and y are marked here

the Fermi energy yielding a complicated Fermi surfaces
(FS)™'. three sets of hole like FSs locating around I'-Z, while
other two sets with roughly cylindrical shapes around M-A. Since
there are two Fe atoms in one unit cell, therefore the two electron
FSs in the Brillouin zone are actually folded, leading to two sets
of crossing elliptic FSs around the M-A as shown in Fig. 4.

?__

0.6 )

E/eV

Fig. 4 (left) Band structures of the five orbits of LaFeAsO based the
local spin density approximation (LSDA) and the generalized
gradient approximation (GGA) by Singh and Du. (Right)
Five sets of Fermi surfaces derived from the calculation. Note
that the three sets of hole like FSs locate at the corner (TI'-
point) and the two sets of electron-like FSs at the center ( M-
point)

3 Understandings on the superconduct-
ing mechanism

3.1 Abandoning of phonon mechanisms
The first assessment on the phonon mediated pairing was
made by Boeri et al. .

coupling constant is quite small; A

It was found that the electron-phonon
epp =0.21, in the LaFeAsO
system. Taking a Debye temperature of about 300 K" and u-

sing the standard Migdal-Eliashberg theory, this gives a maxi-
mum 7T, of 0. 8 K. This is certainly far below the T, value meas-
ured. The updated calculation on the effect of local magnetic mo-
ments on the electron-phonon coupling in BaFe,As, using the
density functional perturbation theory finds an enhanced electron-

phonon coupling constant A, , =0.35, but it is still not enough
[38]

eph
to explain the high critical temperature'™’. Although some pre-
liminary isotope effect points to a relationship 7,M* = const with «
=0.33 t0 0.5, while the repeated experiments in the same
system Ba, (K, ,Fe, As, showed an opposite results: the exponent
o is small and negative™. This may suggest that the atomic
mass, although involved in a subtle way in influencing the super-
conducting transition temperature, should not be the dominant
factor. As we will see below that in the picture of AF spin fluctu-
ation mediated pairing mechanism, the mass of the iron is indeed
only a trivial factor which should not give any definite, even
qualitative indication about the mass isotope effect. Of course,
we are not clear yet how strong effect would be given by the spin-
orbital interaction and/or phonon-magnetic interaction. In terms
of the AF spin fluctuation mediated pairing, the phonons may
play as the pair breakers. Clearly, more experiments from dif-
ferent groups on the isotope effect are desired to clarify whether
the phonon pairing mechanism can be totally abandoned.
3.2 Original proposals for S +

With the quite good nesting condition between the hole and
electron pockets, it is natural to think that the electronic system
will response significantly with the AF spin fluctuations, espe-
cially when the AF vector matches nicely with the interpocket dis-
placement. This interesting picture was first proposed by Mazin
et al.

based on different theoretical approaches'®

, and later on further formalized by several other groups
“#J More details a-
bout the pairing order parameter can be found in the recent re-

view™). The basic idea is illustrated in Figure 5, where the two
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Fig. 5 Cartoon picture about the Fermi surfaces and the inter-
pocket electron scattering. The two electrons on the elec-
tron pockets marked by the two arrows, will be scattered

to the hole pockets as marked by the red circles in the
center of the Brillouin Zone, and vice versa

electrons on the electron (‘hole) FSs marked with the thick ar-
rows with opposite directions of spins, will be scattered to the
hole (electron) FSs by exchanging the AF spin fluctuations. If
the pairing is really established through exchanging the AF spin
fluctuation, it is electronic in origin and to avoid the strong re-
pulsive interaction is actually the driving force for pairing!*’.
According to the Eliashberg equation as shown in Eq. (1),
AGR) == BV b tanh(SpEGD) (1)
a positive interaction V(k, k'), like exchanging the AF
spin fluctuations, would lead to a sign change of the order pa-

rameter A(k) and A(k") if £ and k' reside on the hole and elec-
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tron pockets. Therefore an extended s-wave gap, with opposite
signs on the hole and the electron FSs are understandable. This
kind of s-wave gap has been supported by part experiment alread-
y, while the direct evidence is still lacking. Perhaps the reso-
nance observed in the inelastic neutron scattering and the recent
scanning tunneling ( STM ) spectroscopy measurements in the
FeTe, _ Se, samples give more direct evidence for this kind of u-
nique pairing'”’’. We shall address this point in next section.

3.3 Phase diagram and the roles played by muti-
band effect and AF spin fluctuations

In most of these structures(11, 1111, 122), the material
starts with showing an antiferromagnetic state in the stoichiometric
undoped case'™’. By doping either electrons or holes, the anti-
ferromagnetic order will be suppressed and the superconductivity
will emerge. Taking the 122 phase as the example, we show two
phase diagrams in Figure. 6 by doping holes in Ba,_ K Fe,As,
system and doping electrons in Ba(Fe, _ Co, )2As,. The first im-
pression about the phase diagram of iron pnictide superconductors
is that it looks quite similar to that of the cuprate superconduc-
tors. Indeed both systems start with the antiferromagnetic ( AF)
order as the parent phase. The superconductivity is achieved by
suppression this AF order. In addition, in both systems, holes
and electrons can be doped into the functioning layers, CuO
planes in the cuprates and FeAs planes in the iron pnictides,
leading to the systematic evolution of magnetism and supercon-
ductivity. However, further studies revealed some differences
between them.

140}
120 | Ba(Fe,_Co,).As,
X 100}
e
g 80 g
[ [}
g e0f &
o £
= o
40F £
L
E=li e}
20 £5
Superconductivity
0
0.00 0.05 0.10 0.15 0.20
x(Co content)
140f @,
1200 o (Ba, k)Fe.As,
x 100} T
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B ._§_. o
% 80t oT,
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% 60 orthorhombic’, paramagnetic
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Fig. 6 Typical phase diagrams of the iron pnictide superconduc-
tors based on the (right) Ba, _ K Fe,As, and (left) Ba
(Fe,_,Co,),As, systems

Firstly, the superconducting dome is actually asymmetric in
the iron pnictide superconductors, but quite symmetric in the cu-
prates. The T, ramps up quickly in the underdoped side, but
decays in a slow rate in the overdoped region. Based on the
measurements and analysis of Hall effect and resistivity, Fang et

al. ! gave a natural explanation of this asymmetric doping de-
pendence. In Figure 7, we show the temperature and doping

Ba(Fe, ,Co,),As,

dv

—8—0.04 —o—0.05
—2—0.06 —v—0.07
—0—0.08 —<—0.10
—>—0.12 —0—0.15
—%—0.20 —0—0.30

-
o

“R,/10°m*- C"

Fig. 7 The temperature dependence of the Hall coefficient Ry, at 9
T. The red dashed line at x < 0.07 follows T, below
which Ry rises sharply, indicating a dramatic change of
the carrier concentration and scattering rate, as discussed
in the text. The blue dotted line outlines the supercon-
ducting region

dependence of the Hall coefficient R, in wide doping regime.
One can see that, below T, in the underdoped side, the Hall
coefficient R, increases drastically. This can be understood as
the sharp drop of the DOS as well as the scattering rate (especial-
ly the electron band) due to the formation of the long range AF
order. Therefore we can say that the superconductivity and the
AF order are competing for density of states in the underdoped
side, and the superconducting transition temperature is getting
lower towards more underdoping. While in the overdoped region,
the AF spin fluctuation, which is assumed as the major media for
the pairing, is getting weaker, therefore the T, decreases slow-
ly. This can be supported by the gradual vanishing of the tem-
perature dependence of R,. In a single band system, the Hall
coefficient Ry, should depend weakly on temperature assuming the
magnetic scattering is weak, while in the multiband case, the
Ry, can be strongly temperature dependent due to the involvement
of scattering rates from different bands. For example, in the
case of two bands, the Hall coefficient R, can be written as

n.T;

e
where o, = with n;, m; and 7, the charge carrier density,

i

m
2 H
o;/n;

g 2 o)

2
PN

effective mass and relaxation time of the " band. Actually in

very clean MgB, films, we also observed a strong temperature de-

(2)

pendence of the Hall coefficient R, which can be understood
very well in the same picture. Actually this scenario can also get
the support from the NMR measurements which show that the spin
relaxation rate 1/7, T diverges when approaching the AF ordering
temperature T, (see Figure 8). The 1/7, T measures the ¢ inte-
gral of the imaginary part of the dynamical spin susceptibility in
the Brillouin zone, therefore 1/7, T reflects the summation of all
different q modes of spin fluctuations”'’. This strong temperature
dependence of 1/7T,T above T, is attributed to the AF-SF. Once
this “enhancement” or “divergence” vanishes, or AF-SF be-
comes very weak, the superconductivity also disappears. Combi-
ning the Hall effect and the NMR data 1/7, T, we can clearly see
the importance of both the multiband effect and AF spin fluctua-
tions for superconductivity. These experiments give support to
the pairing model by exchanging the AF-SF as the pairing media.

The second difference between the iron pnictide and cu-
prates is that the superconductivity in the former can be induced
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Fig. 8 The 1/T, T measured at As(0) sites for various concentrations
x with magnetic field B applied along the ab plane. Solid and
dashed arrows mark 7, and 7, respectively. Solid and
dashed curves are the best fits with (for x<0. 14) and with-
out (for x=0.26) a Curie-Weiss term arising from AF-SF.

by the pressure effect and even isovalence chemical doping to the
parent phase, this has actually not been observed in the cu-
prates. In Figure. 9 we show the pressure induced and the isova-
lence doping induced superconductivity”™ 1. Tt is clear that,
not only charge doping, but also structural parameters give sig-
nificant influence to the electronic properties and thus alter the
superconductivity.

& 300
5 SrFe,As, 250
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40 T =100 .
v *’.' 58 ‘"."...-o:r-.
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Fig. 9  Pressure and isovalence chemical doping induced superconduc-
tivity. (left) The phase diagram under pressure in SrFe, As, .
(right) The phase diagram in the isovalence doping system

BalFe, (As;_.P, ),

3.4 Experimental progress on the pairing synmme-
tries
Superconductivity is achieved by the condensation of the
paired electrons, therefore the symmetry of the pairing function,
or the order parameter is very essential to identify the mechanism

of superconductivity. For several members of the family of Fe-
based superconductors the NMR data have positively identified
the parity of the superconducting state as singlet'™ ! essentially
leaving only two possibilities for the angular momentum of the
Cooper pairs: L =0(s-wave) and L =2(d-wave). In the follow-
ing we will give a brief review of the experimental progress about
the pairing symmetry of the superconducting gaps. We will not
describe it in different techniques, rather in different families
122, 1111 and 11, in which the pairing symmetry have been in-
tensively studied. Thus we can have a deeper insight of the pai-
ring symmetry together with the different structures.
3.4.1 122 family

We start with the experimental data in the 122, since single
crystals with large size and quite good qualities can be obtained
with this family. The early experiment on the Ba,_, K Fe,As,
family was given by Ding et al. using ARPES"™". Isotropic gaps
were found on the hole pockets around I'-FSs. The gap of the in-
ner I'-FS () is about 12 meV and that on the outer I'-FS (B) is
about 6 meV. The measurements on the more arguable electron
pockets M-FS () at some high symmetric points tell also iso-
tropic gap with the value of about 12 meV. Similar conclusion
was also drawn from another group™’. Cautions must be taken,
however, that the energy- distributive- curves (EDC) of ARPES
normally do not show a well resolved coherent peak associating
with the long life quasiparticles in the superconducting state ( be-
sides that from the inner hole pocket, the a-FS defined in Ref.
[57]). Tt is important to note that the gaps were derived from
the shallow “coherent peaks” after the symmetrization, not from
the leading-edge shift. This may lead to some uncertainties in
drawing the final conclusion, especially on the electron pocket
(v-FS). In addition, according to the five orbital calculations,
the gap feature is clearly k. dependent™’ . This indicates that fur-
ther refined ARPES measurements would be necessary to resolve
the 3D FSs and the gap symmetry on them. According to the the-
ory, the nodes may be well expected at somewhere of the FSs.

The specific heat measurements shown in FigurelO on the
similar sample Ba, _ K Fe,As, indicate at least two components,
with the dominant one of a full gap and the gap energy of about
6 meV (as shown in Fig. 10) .
tronic specific heat coefficient y, (T) in the intermediate temper-
ature region may be explained as the second component with a
small gap or nodes on the energy gap™’. The roughly linear,
but with slight curvature of the magnetic field dependence of the
electronic specific coefficient also support this statement. This

An enhancement of the elec-

conclusion is also supported by the thermal conductivity measure-

. A very small thermal

ments in a slightly underdoped sample'®
conductivitycoefficient k,/T =5 pW/K® + em (see Figure 11)
was measured at T—0 K, which is much smaller than the esti-

mated value (140 pW/K’
[61]

« ecm) if there would be a line node
(as shown in Fig. 11) "', However, the clear field dependence
of ky/T in the low field region indicates a gap minimum some-
where. This analysis suggests a small gap which may have a val-
ue of about 1 ~2 meV. This result is in contrast with the earlier
ARPES data which suggest the smaller gap of about 6 meV. Ac-
tually, multigap feature with the smaller gap in the scale of 1 ~
4 meV was evidenced by the measurements of H, (T). By meas-
uring the lower critical field, Ren et al. '’ derived the two
gaps: A, ~2 meV, and A, ~9 meV. Recalling the ARPES da-
ta, the gap is large if one defines the gap from the position of the
coherent peak, while the gap could be much smaller if it is de-
termined from theleading-edge shift of the EDC. Actually, the
measurements of superfluid density using the tunnel diode resona-
tor (TDR) technique find a decrease of the penetration depth as
1/A <1 = (T/T.)" with n=2 ~2. 5(see Figure 12) %! For
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Fig. 10 (a) Temperature dependence of the electronic SH contribu- . lef ]  the th ! o
tion y(T) with the normal-state part subtracted in Bag ¢Kq 4 Fig. 11 (left) Temperature dependence of the thermal conductivity

Fe,As,. A sharp SH anomaly with AC/T| ; can be seen

here. A hump is clearly seen in the intermediate temperature
region. The red dashed line is a theoretical curve based on
the BCS expression with an s-wave gap of 6 meV. The inset
shows the entropy of the superconducting state red circle sym-
bols and the normal state by dark square symbols. (b) Field
dependence of the field-induced SH Ay (H). The blue sol-
id, red dotted, and navy-blue solid line are the linear fit to
the zero-temperature data, the fit to the d-wave prediction
Ay(H) =AH"Y?, and the fit by mixing the above two compo-
nents, respectively

a superconductor with line nodes and impurity scattering in the
unitary limit, the superfluid density indeed decreases with T°.
An alternative way, as adopted by the authors, is to explain the
this power law relation as contributions of multiband superconduc-
tivity with the S + pairing gap and presence of impurity scatter-
ing®). 1Tt is interesting to note that the universal exponent n =2
~2.5 found here in many different kind of samples with different
impurity scales, may not be easily described by the model. The
data may suggest some kind of nodes in the sample,
address below.

as we shall

In the 122 family, a system with accumulated evidence of
nodes is the phosphor doped BaFe, As, . It was supposed that
this kind of doping will only change the internal pressure and thus
give influence on the chemical potential, therefore it was called
as the isovalence doping. The evidence of line nodes comes from
the penetration depth measurements which shows a clear linear
temperature dependence in the T=0 limit"’
dependence,

. A non-linear field
being close to a square-root relation, of the ther-
mal conductivity k,/T was also observed™’ | which adds more
evidence for a line node in this particular system. But interest-
ingly, the field dependence of the specific heat was found to be
(7] which was attributed to the fact that the specific heat is
specially detecting the heavier but fully gapped I'-FS. These
contrasting results on thermal conductivity and specific heat are

linear

of the underdoped Ba, _, K, Fe, As, single crystal with T, =
28 K. The residual value of ky/T is very small compared
with the one estimated from the d-wave model. (right) :
comparison of the magnetic field dependence of k,/T for
the Ba, _ K Fe, As, single crystal and other superconduct-
ing samples. The results can be understood with a full gap
but one of the gap value is very small.

clearly needed to be reconciled with a more general picture. Re-
cently, the penetration depth measurements with the inducting
field along the FeAs planes, thus the inducting current flows a-
long both the ab- and c-axes, was conducted and the results show
that the temperature dependence of the penetration depth is still
describable by the power law 1/A* o<1 = (T/T.)",

smaller exponent n =1 ~1. 5",

while with a
This indicates that there might
be nodal features along the z-axis. Thermal conductivity meas-
ured with thermal current along ab-plane and c-axis indeed show the
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Fig. 12 The temperature dependence of the penetration depth,

both the hole doped (K-doping) and electron doped ( e-
lectron doping) give the relation 1/A% o<1 — (T/T, )"
with n close to 2. It is interesting that this kind of power
law seems to be a general feature of the 122 system in ei-
ther doping the electrons and holes
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sharp difference'®’. This result is by no means in contradicting

with the earlier conclusion of the thermal conductivity, since the
in plane thermal transport needs the finite value of the in-plane
Fermi velocity. One possible way to understand this dilemma is
that the line nodes may exist at somewhere of the Fermi surface
where the perpendicular Fermi velocity vy is dominant, while the
parallel Fermi velocity vi’ is very small. With the extremely
warped Fermi surface detected by the quantum oscillation ™ |
this picture is valid if we assume a horizontal line node on the
disc like 3D Fermi surface.

3.4.2 1111 system

In the 1111 system, the most notable experiment about the
gap symmetry was made on the LaFePO sample. The penetration
depth measurements from two groups show the linear temperature
dependence in the limit of T—0"°"7"). This kind of linear de-
crease of the superfluid density with temperature is quite difficult
to be understood within a full-gap model. The presence of line
nodes in LaFePO was explained as the results of the pairing of
multi-orbital effect'™’. Tt was suggested that the individual orbit
has different weights in different part of the Fermi pockets.
Therefore the pairing interaction has also angle dependence along
individual Fermi pocket, the node may appear at the joint point
of two orbitals. For the LaFePO system, the calculation indi-
cates the presence of nodes"™' ")
mental observation.

The results about pairing symmetry in other families of the
1111 phase, mainly the FeAs-based materials, remain highly
controversial. For example, the penetration depth measurements
in F-doped PrFeAsO"") and SmFeAsO!™! reveal the existence of
two full gaps, where the WSR measurements indicate the nodal
gap feature or a small gap'”™’.
urements found no simultaneously generated half vortices, sug-
gesting that weak links in high pressure synthesized NdFeAsO-F

samples have predominantly O phase shifts or non-existence of the
]

, giving support to the experi-

The local magnetic mapping meas-

nodal gap™' | while in the similar samples, the “phase sensi-
tive” measurements found the trace of half vortices'™’. All these
contradicting results call for further refined experiments in large
and high quality single crystals in this family.
3.4.3 11 system

The 11 system was found to be superconductive at about 8 K
The transition temperature was im-

proved to about 37 K under pressure in FeTe system or the
10-11]

in the material Fe,, Se™’.
FeTe, _,Se, systems' The experiments done for the pairing
symmetry in this family are quite few. NMR measurements on the
single crystal Fe, ,,Te, ¢;Se, ;; found that the spin relaxation rate
1/T, o< T*7* | which should be proportional to TN: with the N,
the DOS at E,. This relationship together with the finite residual
DOS in the T =0 K limit were attributed to the presence of the
line nodes in the superconducting gap. However, this conclu-
sion is not supported by the in-plane thermal conductivity meas-
urements. As in all other FeAs-based superconductors, Dong et
al. found a very small value of the residual thermal conductivity
coefficient k,/T obtained in the in-plane thermal transport meas-
urements. The authors further found that the field dependence
ko/T of in FeSe, (T, =8.8 K) exhibits a feature very similar to
the 2H-NbSe, in which multigaps with the smallest one of about
0.5 meV were found by ARPES'”. Therefore in the FeTe, _ Se,
system, either a very small gap or an highly anisotropic gap a-
mong the multigaps is anticipated. The STM spectrum measured
at 0. 4 K shows also a full gap feature™’. The remarkable point
of this STM work is to find the “sign-flips” of the quasiparticle
scattering interference pattern with zero and finite magnetic
fields. These results are explained as the evidence of the S +
pairing manner. While, we should notice that, even with a full

gap feature seen by the STM, this does not mean that the nodes
on other FSs are also absent, since sometime STM measurements
depend strongly on the tunneling matrix element effect. There-
fore, in the iron pnictide superconductors, one cannot conclude
the absence of nodes if one does not see it. However, if one can
see it, that normally means the presence of nodes. In recent ex-
periments of angle dependence of low temperature specific heat,
Zeng et al. '™ observed a four fold oscillation. This is attributed
to the anisotropic of the gaps and the gap minimum appears at the
two folded electron Fermi pockets, i. e., along the Fe-Fe
bond. Clearly there are still a lot of uncertainties about the gap
structure in the 11 system.

4 Perspectives and concluding remarks

Clearly the iron-based new superconductors provide a new
platform for the research of superconductivity, probably uncon-
ventional in nature. The high upper critical field, relatively
small anisotropy and larger coherence length ( compared to the
cuprate superconductors) make the materials very encouraging for
applications. From the presented data we know already that the
critical fields are much larger than that of MgB,. Concerning the
mechanism, it is highly desired to know whether the AF order is
a common feature for all systems in the undoped case, obviously
the AF spin fluctuation has a close relationship with superconduc-
tivity. From the experimental data obtained up to now, it seems
possible that the s-wave wave pairing gap with opposite signs exist
on the electron and hole pockets. More refined data from single
crystals will clarify all these and to illustrate how the Fermi sur-
face looks like and how does it evolve with the doping.

5 Concluding remarks

(1) So far, seven different structures of the FeAs-based
materials have been synthesized, they are named by the formulas
as 11, 111, 122, 1111, 32522, 21311, 43822 all containing
the unique FeAs-layers. The superconductivity with the highest
transition temperature 55 ~57 K, occurs in the 1111 system. It
was suggested that both the bond angle Fe-As-Fe and the height
of As to the Fe planes are essential to the superconductivity.
These two factors will give nontrivial influence on the electronic
structures and consequently on superconductivity.

(2) Most of the systems start with an antiferromagnetic order
as the parent phase. The superconductivity is induced by either
charge doping, pressure effect or the isovalence doping. Hall
effect and NMR measurements show the importance of multiband
effect and antiferromagnetic spin fluctuations to superconductivity.

(3) In addition to the original proposal for the pairing via
exchanging the antiferromagnetic spin fluctuation, theoretically
five orbital calculations were done leading to the natural expecta-
tion of nodes, or nodal s-wave gap on some part of Fermi sur-
faces.

(4) The experiments about the pairing symmetry remain
highly controversial. The unique pairing manner, i. e., the
sign reversing of the pairing order parameters on the hole and e-
lectron pockets, 1is still recalling for more evidence, especially
direct evidence. While it is clear that, nodes may exist on the
gap at some part of the Fermi surfaces, both be inferred from the
theoretical calculations or some experiments. The resonance ob-
served in the inelastic neutron scattering and the recent STM data
on the FeTe, _ Se, samples, if interpreted correctly, may be un-
derstood as the direct evidence for the pairing with the sign re-
versed order parameter.
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