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TOPICAL REVIEW — Iron-based high temperature superconductors

Photoemission study of iron-based superconductor”

Liu Zhong-Hao(X!|#i#), Cai Yi-Peng(ZE %), Zhao Yan-Ge(EX E [&]),
Jia Lei-Lei(%1 % 75), and Wang Shan-Cai(E£ 3 74)"

Department of Physics, Renmin University of China, Beijing 100872, China

(Received 16 June 2013; revised manuscript received 24 June 2013)

The iron-based superconductivity (IBSC) is a great challenge in correlated system. Angle-resolved photoemission
spectroscopy (ARPES) provides electronic structure of the IBSCs, the pairing strength, and the order parameter symmetry.
Here, we briefly review the recent progress in IBSCs and focus on the results from ARPES. The ARPES study shows
the electronic structure of “122”, “111”, “11”, and “122*” families of IBSCs. It has been agreed that the IBSCs are
unconventional superconductors in strong coupling region. The order parameter symmetry basically follows s4 form with

considerable out-of-plane contribution.
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1. Introduction

The discovery of iron based superconductivity with high-
est Tc ~ 55 K in 2008 has aroused the great interest in under-
standing the superconductivity in this material.["-*! It brought
a wonderful chance in studying the mechanism of high 7¢ su-
perconductivity. The iron-based superconductivity (IBSC) is
another family of unconventional superconductors with transi-
tion temperature above the McMillan limit besides the cuprate
superconductors, where the superconductivity cannot be de-
scribed by a weak coupling BCS theory. The cuprate super-
conductors had been the center of the study of high temper-
ature superconductivity and extensively studied for more than
twenty years. However, no consensus on the mechanism of su-
perconductivity has been reached, partially due to the unique-
ness of cuprates in high 7¢ superconductivity. Thus the IBSCs
bring a chance in studying the unconventional superconduc-
tivity in comparison with the cuprate superconductors.

The electronic structures of cuprate superconductors and
the IBSCs are different. The cuprate superconductor evolves
from a doped Mott insulator where the strong electron—
electron correlation dominates. The Cu—O plane contributes
most to the electronic structure at Fermi energy, and a single
Fermi-surface is observed for this material. The parent com-
pounds of IBSCs are semi-metal, five bands from the Fe—As
layer are present at the Fermi level. The electron—electron cor-
relation may not be as important as that in cuprate supercon-
ductor.

From structure point of view, there are four major fami-
lies of IBSCs intensively studied by different techniques. All
families each have an essential building block of FeAs or FeSe
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layers which are separated by the intercalation layers. Based
on the structure and chemical compositions, they are classi-
fied as “11117, “122”, “111”, and “11” families respectively.
Recently, a new “122*” type was discovered with T¢ up to
44 K,Bl whose structure in superconducting phase is still un-
der debate. The FeAs layer contributes most to the electronic
properties near the Fermi energy (Ef) in iron-pnictides, while
the FeSe layer contributes most in “11” and “122*” types.

Most of the IBSCs have similar phase diagrams. Most
parent compounds are semi-metals with antiferromagnetic
(AFM) magnetic ordered ground states. By introducing a
dopant or chemical substitution, the IBSC evolves into the
superconducting state, while it may undergo structural and
magnetic transitions.[*>! The doping or chemical substitu-
tion could be at the FeAs layer, e.g., Ba(Fe;_,Co,),As; and
BaFe;As;_ Py, or out of the FeAs plane, e.g. Ba;_ K FeyAs;.
Owing to the complexity of the IBSCs, the phase diagrams of
different families are not unified yet. The parent compounds
of “1111” and “122” families have SDW ground states, while
in the “1117-type’s parent compound the SDW is very weak
or totally absent.[>6]

Angle-resolved photoemission spectroscopy (ARPES) is
a powerful tool in studying the electronic structure of the
IBSC. It is a unique technique in probing the momentum and
energy distribution of the outgoing electron simultaneously. It
can probe the electronic structure of system such as band dis-
persion, superconducting gaps, gap symmetry, etc.

The electronic structures are very analogous in all IBSCs.
Based on the LDA calculation and ARPES observations, the
Fe 3d orbitals are the dominant feature at Eg. Three hole-like
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bands are observed at the Brillouin Zone (BZ) center and two
electron-like bands at the BZ corner. The bands in IBSC show
more three-dimensional (3D) features than those in cuprate su-
perconductor, the band dispersion along the ¢ axis in IBSCs is
stronger, especially for the hole band in the BZ center.

In the superconducting state, the superconducting gaps
open at all FSs. The gap size is different for different FS and
is momentum dependent. The gap symmetry can be described
by an s formula with considerable c-axis variation. From the
observation of the FS topology, an inter-FS scattering induced
pairing mechanism has been proposed, and an s form of pair-
ing symmetry is observed at most IBSCs. However, a great
challenge occurs from the “122*” type A;_;Fe,Se; (A = K,
Rb, T, etc.) where the FSs of hole-like bands near BZ center
are absent. Thus, a local pairing scenario was proposed to un-
derstand the pairing symmetry, however, no consensus on the
pairing mechanism on the IBSCs has been reached so far.

2. Crystal structure

The structures of the IBSCs at room temperature are
shown in Fig. 1. All IBSCs have tetragonal structures with
common FeAs or FeSe layers stacking along the ¢ axis as
shown in the figure. The Fe>* ions in FeAs layer form a
square-planar sheet and are bridged by the off-plane As/Se
ions. The bridging As/Se has two positions, alternatively
above and below the Fe-square sheet. Two Fe atoms per unit
cell are used in ARPES, albeit the LDA calculation prefers
one Fe atom per unit cell by ignoring the bridging As/Se.
In the following discussion, two Fe atoms per unit cell are
used unless otherwise stated. The parent compounds are non-
superconducting for most IBSCs, when a dopant or substi-
tution is introduced, it could be either in-plane doping as
LaFeAsO;_,F,, BaFe,_,Co,As,, or in the intercalation plane
as Ba; _,K,Fe,As;.

Typical phase diagrams of “122” and “111” iron-
pnictides are shown in Fig. 2. The parent compounds have
collinear magnetic structures at low temperature due to the
AFM interaction. Transport measurement suggested a spin
density wave (SDW) state as the ground state. When cool-
ing down from the room temperature to the SDW state for
low doping levels, the materials experience a structural and
magnetic transition from the tetrahedral into the orthorhom-
bic structure and the SDW state.
sition temperature decreases and the superconducting transi-

Upon doping, the tran-

tion temperature increases. In the low doping region, the
“122” and “111” each have the coexistence between SDW
and superconductivity.8! Tt is noteworthy that for undoped
NaFeAs, there exists a diamagnetic signal at low tempera-
ture, indicating the coexistence of superconducting and SDW
phase.[°! The optimum T¢ occurs in an intermediate doping

region and the ¢ line has a doom shape.

AN/

Fig. 1. The crystal structures of the four classes of superconductors:
(a) LaFeAsO (1111), (b) SrFe;As; (122), (c) LiFeAs (111), and (d)
Fej4,Te (11). Cited from Ref. [7].
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Fig. 2. Phase diagram of (a) electron doped “122”-type BaFe;_Co,Asy
and (b) “111”-type NaFe;_,Co,As. Panel (a) is cited from Ref. [8].
Panel (b) is cited from Ref. [9].

3. Angle-resolved photoemission spectroscopy

ARPES is a unique technique in directly probing the elec-
tronic structure of materials. It is based on the photoelectric
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effect that a photon shines on the sample and will be absorbed
by the electron inside material and the excited electrons es-
caping from material will carry the information in the band.
A sketch of the ARPES experiment is shown in Fig. 3. When
an incident photon with energy v is absorbed by an electron
inside the material, the energy and momentum of the outgoing
electrons are directly connected to the electron inside the solid
by the conservation of energy and momentum

Eyin = hv—¢ —Eg, (D
k| = K| inside- (2)

A detector collects outgoing electrons and identifies the kinetic
energy Eyi,, and the momentum parallel to the surface is cal-

culated by kjj = {/2meEy,/ 7 sin 6. The momentum perpen-

dicular to the surface is not conserved but could be estimated
by

1
ki = =\ /2me(hv =6 — By + Vo) — K¢,

where the Vj is the inner potential which could be determined
empirically.

The detector signal I(k, @, A, hv) could be simplified into
the product of three parts, the matrix elements Ip(A,hv), the
Fermi-Dirac distribution f(®,T), and the spectral function
Ak, ®)

I(ka (J),A,hV) = IO(AahV) A(k7 CO) f(w7T)a

where A(k,®) is the one-particle spectral function which is
the imaginary part of the Green’s function. From the spectral
function, we can extract the information about band disper-
sion, determine the Fermi surface topology, and study the su-
perconducting gap and the self-energy of correlated electrons.
The Fermi-Dirac distribution f(@,7T) = 1/(e®/*7 1) lim-
its the spectrum to the occupied side of the electron state. The
matrix element Iy(A,hV) is a prefactor, which is ignored most
of the time, determined by the experimental geometry. A cer-
tain band intensity could be fully suppressed or greatly en-
hanced in the mirror plane if the electric field vector of the
incident photon lies in or is perpendicular to the mirror plane.
The matrix elements are mostly used to determine the band
parity with respect to the mirror plane and analyze the orbital
origin in the IBSC.

The ARPES spectrum A(k, ®) is the imaginary part of
the Green’s function. The lineshape is an ultra-sharp quasi-
particle peak in energy and momentum space for a non-
interacting particle. When the electron interaction is switched
on or an electron is coupled with other modes, the electron’s
self-energy correction will cause the spectrum to broaden and
the band dispersion will also be affected. The linewidth anal-
ysis and dispersion will give the information about electron—
electron interaction and the coupling strength of electron and

modes. ARPES provides a direct measure of the self-energy
(1]

and electron-excitation interaction.

Fig. 3. Schematic diagram of ARPES experiment. A flux of photon
with energy /v shines on the sample. The outgoing photoelectron with
kinetic energy Eyi, escaping at the angle (8, ¢) is detected by the elec-
tron analyzer. In the process, the momentum parallel to the surface is
conserved.

The ARPES experiment is a surface sensitive technique
due to the short electron escape length. For a typical photon
energy used for ultraviolet photoemission, 4V in a 10-eV-100-
eV range, the escape length is less than a nanometer which
is approximately the lattice constant ¢ of the superconduct-
ing material. The contribution from the surface state is not
negligible in most cases. An assumption that the electronic
structure at the surface is bulk representative, is needed, but
the caution should be taken about the existence of surface
state. During the experiment, the ultra-high vacuum is main-
tained to keep the cleaved surface from being contaminated.
On the other hand, being surface-sensitive makes ARPES an
ideal technique in studying the surface related phenomenon,
like topological insulator.[!?]

4. Electronic structure of iron-based supercon-
ductor

For ARPES study of IBSCs, the samples are cleaved in
situ for photoemission measurement. After cleavage, the ex-
posed top layer could be an FeAs layer, an intercalating layer,
or the mixture of both. Owing to the asymmetry of the cleaved
surfaces in “1111” and “122” families, the termination layer
will not be unique. The unbalanced charge on the top layer will
cause a polar cleaved surface.!'*! STM and LEED results show
that on the surface of BaFe;_,Co,As;, the exposed alkaline-
earth layer has 1/2 Ba layer and the Ba atoms form a 2x1
or v/2 x /2 reconstruction!!3! and the surface state band will
broaden the ARPES peaks and bring uncertainty to the ARPES
results on this material.['®! On the other hand, the cleaved sur-
faces of “111” and “11” families are alkaline metal or FeSe
layers, where no unbalanced charge and contribution from the
surface state is observed,!'>!71 The “111” and “11” families
are ideal for ARPES studies.
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Fig. 4. ARPES spectra of Bag Ko 4FeaAsy (Tc =37 K). (a) Wide range
EDC near I" showing shallow core levels marked by vertical bars above
the x axis. The inset shows the magnified valence band and a possible
satellite peak at ~ 12 eV, and highlights the difference between spectra
taken at 100 eV and 21.2 eV. (b) Valence band near I", measured at dif-
ferent photon energies (46 eV-66 eV). All EDCs are normalized by the
photon flux. (c) Intensity plots of second derivatives of spectra along
I'-X and X—M. LDA bands are plotted for comparison. (d) Photon en-
ergy dependence of the EDC intensity shown in (b), obtained at binding
energies 0.1 eV, 7 eV, and 12 eV. Cited from Ref. [13].

The Angle-resolved photoemission spectroscopy mea-
surement of the hole-doped Bag Ko 4Fe>Asy, done by Ding et
al.'"3) shows the typical valence band structure of the IBSCs.

(a) (b)

The valence band and the near Ef electronic structure of the
superconducting Bag ¢Ko 4Fe;As, are shown in Fig. 4. From
Fig. 4(a), the wide energy range EDC shows double peaks at
binding energy 40.4 eV and 41.1 eV from the As 3ds/, and As
3d3/, doublets. Fe 3p (52.4 eV, 53.0 eV), K 3s (33.0 eV), and
3p (17.8 eV), Ba 55 (29.7 eV) and 5p (14.2 eV, 16.2 eV) are
also seen and marked. Near the EF, the state is mainly from
Fe 3d orbitals. However, due to the strong correlation effect of
the 3d electron predicted by LDA and DMFT results, 8% the
bands within 2 eV of the E are renormalized. From Fig. 4(c),
the near Ef structure is renormalized to 1 eV from the LDA
predicted range (2 eV), suggesting the strong correlation of
electrons in IBSCs.

Close to EF, the high resolution ARPES measurements
are shown in Fig. 5. Several dispersive bands are observed
close to Er. Along the high symmetry lines, I'-M and I'-X,
the EDC plots and the E versus k intensity plots show three
hole-like bands close to the Brillouin zone center (I") and two
electronic bands at Brillouin zone corner (M), as shown in
Figs. 5(a)-5(e). From the LDA calculations, (2] there are three
hole-like bands near the I" point, forming three hole-like FSs,
and two electron-like bands near M, forming two electron-
like FSs. The LDA calculations need to be normalized by a
factor of 2 in order to accord with the measured band disper-
sion. A similar factor has been observed in “1111”-type iron
pnictides.?”) The renormalization factor of 2 implies the im-

portance of the correlation effect in the IBSCs.

~
1}
w
<

Intensity

COOCCereererrreeerrereerrer
Intensity

Binding energy/eV

—~

(=%

~
-+

Binding energy/eV
Binding energy/eV

r

Wave vector ‘Wave vector

06 04

02 E
Binding energy/eV

3

z
oy
=

X r X

Wave vector

Fig. 5. EDCs measured at 50 K for Bag Ko 4Fe2Asy (Tc = 37 K) along (a) '-M and (b) I'-X (hv = 21.2 eV). Intensity plots of the same
spectra along (c) I'-M and (d) I'-X. LDA calculated bands at k; = 0 and k; = 7 are plotted for comparison. (e) Intensity plot of second
derivatives of the spectra along I'-X in comparison with normalized LDA bands (divided by 2). (f) Extracted band positions (circles) measured
at 45 eV along I'-X—-M with comparisons to the same normalized LDA bands. Cited from Ref. [13].
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5. Band structure of NaFeAs and LiFeAs

The NaFeAs and LiFeAs families have the similar elec-
tronic structure to other IBSCs.[?>231 However, there are a few
differences between the NaFeAs and LiFeAs superconductors.
Compared with the magnetic ground state in “1111” and “122”
families,[02423] the NaFeAs has weak magnetic structure with
SDW ground state and the LiFeAs is nonmagnetic.!26-2%]
Structurally, the As—Fe—As angle in NaFeAs is closer to that
in “122” system than LiFeAs.*") ARPES results show that the
quasi-particle peaks are sharper in NaFeAs- and LiFeAs-based
superconductors than in “122” and “1111” families, which is
partially attributed to the non-polar cleaved surface.[?8-31-33]

He et al.®¥ have reported on the ARPES result of
NaFeAs, the parent compound of NaFe;_,Co,As. From the
phase diagram shown in Fig. 2, the NaFeAs has three phase
transitions while cooling down from high temperature. The
transport measurement has shown the transitions and they
were identified as structural, magnetic and superconducting
transition at 52 K, 41 K, and 23 K.*> Neutron scattering and
NMR measurement confirmed the successive transition. The
low temperature ground state has a collinear antiferromagnetic
arrangement with orthorhombic structure. %3]

The ARPES measurement on NaFeAs by He et al.3*!
shows that three hole-like bands near BZ center and two elec-
tron bands near the BZ corner, the same as in 122 family. At

the temperature above the magnetic and structural transitions,

—_—

E—FEy/meV

as in Figs. 6(a)-6(c), the FSs and the band structure along the
high symmetry I'-M line are simple. Three hole-like bands
form two FSs at zone center, while the third band sinks below
the Fermi level. When cooling down below the structural and
magnetic transition temperatures into the SDW state, the elec-
tronic structure undergoes drastic change. At low temperature,
three hole-like FSs are observed at the zone center and a cross-
like FS is observed at M. An extra hole-like band ¥ appeares
on the side of other two hole bands due to the folding caused
by the SDW state. Close to M, the band is pushed downward
caused by collinear magnetic structure and the orthorhombic
structure. [37]

The hole band arrangement close to the zone center of
LiFeAs is different from the that of NaFeAs. Since the non-
magnetic ground state, the SDW and orthorhombic structure
observed in NaFeAs do not exist and the electronic struc-
ture is purer. ARPES measurement on LiFeAs has also re-
ported on three hole-like bands near the Brillouin zone center
and two electronic bands at the zone corner. At low tem-
perature, neither band folding nor splitting was observed in
LiFeAs. Figure 7 shows the ARPES measurement of LiFeAs
(Tc ~ 18 K).[3?l The FS topology of the LiFeAs consists of
a peanut-like FS at I', conventionally called o (and &) FS, a
large diamond-like FS () also centered at I', and two FSs (y
and 6) centered at M. The EDCs along the high symmetry line

Hk.w)
high

low

Fig. 6. Electronic structures of NaFeAs at normal state and SDW state. (a) Photoemission intensity map at the Ef integrated over
[—5 meV, +5 meV] at normal state; the marks indicate the measured Fermi crossings, the curves are the fitted Fermi surfaces. (b)
Photoemission intensity I'—M direction. (c) The second derivative [8(%1 (k, )] for data in (b). (d)—(f) the FS surface topology, intensity,

and second derivative of data at SDW state. Cited from Ref. [34].
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Fig. 7. (a) Plot of the ARPES intensity at Er of LiFeAs (Tc ~ 18 K).
The intensity is obtained by integrating the spectra within £5 meV with
respect to Eg. (b) ARPES spectra along the I'-M high-symmetry line.
(c) and (d) Intensity plot and second-derivative intensity plot of panel
(b), respectively, versus binding energy and wave vector. (e) ARPES
intensity plot at T ~ 50 K divided by a Fermi-Dirac function mea-
sured along cut 1 in panel (a), and (f) corresponding energy distribution
curves. (g) ARPES intensity plot at 20 K along the cut 2 and (h) corre-
sponding momentum distribution curves. Dots in panels (f) and (h) are
guides for the eye to trace the band dispersion. Cited from Ref. [32]

I"'-M, the corresponding intensity plot, and the second deriva-
tive of the intensity plot shown in Figs. 7(b)-7(d) illustrate the

dispersions of the bands. In the zone center, there are two hole
bands in the vicinity of Ep, with the band tops close to Ef.
The more detailed high temperature measurements as shown
in Figs. 7(e) and 7(f) show that one hole band (¢t) crosses the
Fermi energy with its band top few meV above Ef, while an-
other hole band (&) is 10 meV below Eg. In between the
I'-M, there exists a large hole band, 8, across Ef, forming
the large diamond-like FS as shown in Fig. 7(a). At the zone
corner, M, two electron bands, v and &, are observed, forming
two nearly overlapped FSs, as shown in Figs. 7(a), 7(g), and
7(h).

6. Electronic structure of AyFes_,Se

The iron-pnictide has a basic structure of FeAs, tetrahe-
dron building block. The “11” family has the FeSe4 blocks
with the T¢ of 8 K,[*91 and the T¢ could be increased by Te
substitution or high pressure up to 37 K.[*1*3] The FeSe(Te)
has a simpler structure than FeAs, based superconductor, and
there are no atoms in between the FeSe layers. By introducing
alkali metal in between FeSe layers, 7c of 30 K was reached in
AyFez,xSez.B] Under high pressure, a second superconduct-
ing phase with higher T¢: (about 48 K) emerged.**! Recently,
an FeSe monolayer on SrTiO3 substrate showed an indication
of Tc above 50 K and possibly up to 77 K.[4!

A Fe;_,Se; (A = K,Rb,Cs, TI) are believed to be a heav-
ily electron doped FeSe. However, it turns out that they are
exotic materials in structure and electronic structure. The
A,Fe;_,Se; has been discovered with Fe vacancies, and the

5.3% Up to now, there has

Fe vacancy forms different order
been no consensus on the structure of superconducting phase
yet. Bao et al.’® using neutron scattering, discovered a ma-
jor phase with iron-vacancy order of v/5 x /5 reconstruction.
Yan et al.® studied the structures and magnetic structures of
A,Fe;_,Se; using TEM and proposed that the superconduct-
ing phase is sandwiched between two AFM insulating phases
with different Fe vacancy patterns. The phase diagram as func-
tion of Fe valance is shown in Fig. 8.

Despite the complexity of the structure, iron-vacancy
and the orders, the ARPES measurement on superconducting
A Fey_,Se; (A =K, Rb, Cs, Tl) gave consistent results.[40-41
The electronic structure of KyFe;_,Se; is qualitatively differ-
ent from that of the other iron-based superconductors. As
shown in Fig. 9, the FS topology of the Ky sFe; 7Se, has only
the electron-like FSs at BZ corner (M). In the BZ center (I"),
the hole-like bands sink below EFf, no hole-like FS is observed.
If we count the enclosed area of the FSs, the AyFe; ,Se, can
be regarded as heavily electron doped FeSe. Although the
vacancy orders have been reported by neutron scattering and
TEM, no band folding related to the structural reconstruction
was observed, thereby raising a question of the superconduct-
ing phase.
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Fig. 8. Crystal and magnetic structures of Ko sFej¢Se, in the low-
temperature I4/m unit cell. (a) Crystal structure of Kg gFe ¢Se;, with
magnetic moment orientation. (b) Top view of the top Fe—Se layer. The
iron vacancy site Fe(1) is marked by the open square, and the fully oc-
cupied Fe(2) site by the circle with the + or — sign indicating magnetic
moment direction. The Fe(1) vacancy forms a V5 x5 pattern. (c)
Electronic and magnetic phase diagram of K,Fe; 2,Se; as a function
of Fe valence. The phase diagram plotted against the valence of iron.
Cited from Refs. [38] and [39].

0.0 035 1.0

~100

=150 meV

E-E;

Fig. 9. (a) The angle-resolved photoemission spectroscopy intensity
mapping of Ko gFej7Se, integrated within 20 meV with respect to
Er. (b) Schematic diagram summarizing the electronic band structure
of K gFe; 7Se,. Cited from Ref. [46].

Besides the missing of the hole-FSs, a small electron
pocket with strong 3D dispersion is observed at the two-
dimensional (2D) BZ center. Photo energy dependent mea-
surement suggested a 3D dispersion near 2D BZ center for
the small electron pocket and a 2D-like band dispersion for
electron bands near M. Figure 10 shows the FS topologies in
I' and Z planes. The small electron pocket is missing at I
but visible at Z. In Figs. 10(a) and 10(b), the strong k, dis-
persion and a closed FS pocket along k, are observed. By
combining the polarization dependent ARPES measurement
and LDA calculation, it is suggested that the small pocket is
from the contributions of Fe 3d,, and Se 4p, orbitals. Com-
pared with the case of iron-pnictide superconductor, the low-
ering energy of the Se 4p, orbital may be conducive to both

the magnetic superexchange coupling and the superconductiv-
[49]

ity in iron-chalcogenides.

Photon energy/eV

05 0 0504 02 0
E—Egp/eV

Fig. 10. (a) The angle-resolved photoemission spectroscopy intensity
plot in the #v—k plane of (TLRb),Fe;_(Se; (+10-meV integration
centered at EF). (b) Intensity plot of EDC curvature at k| = (0,0) with
different ~v values. The band dispersions of the @ and 3 bands along k,
are indicated by dashed lines serving as guides to the eye. (c) Integrated
intensity plots at EF (—10 meV, 10 meV) of (TI, Rb),Fe>_,Se; in the Z
(hv =28 eV) and I (hv = 38 eV) planes. Cited from Ref. [49].
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7. Superconducting gaps and pairing symmetry

The superconducting gap and its symmetry are the keys
to the understanding of the pairing mechanism of supercon-
ductivity. Compared with the d-wave symmetry of supercon-
ducting gap in cuprate high temperature superconductors, the
symmetry of the IBSCs is still not fully settled yet. The Knight
shift measurement has determined that SC has a spin symme-
try of singlet.’°! The difficulties lie in the few aspects: (i)
multiple band structures of the IBSCs and the vast IBSC fam-
ilies and (ii) the near-degeneracies of the extended s-wave and
d-wave symmetries.>!l Theoretical studies predicted a sign-
change s-wave superconductor from the itinerant electrons and
the spin-fluctuation modes arising from the nesting across the
disconnected electron and hole FSs,!>># or short range anti-
ferromagnetic exchange interaction. >3-

The IBSCs are regarded as unconventional supercon-
ductors because they cannot be explained by the BCS the-
ory. The Tc in IBSC is above the McMillian limit®’! and
the large A /Tc value implies the IBSC above the weak cou-
ARPES measurement indicated that in “111”,
gaps open on both electron-like and hole-like FSs are both

pling limit.

about 5 meV, with 2A /kgTc ~ 8, which is in strong cou-
pling region. Some ARPES measurements indicate smaller
gap value in LiFeAs,*!l and proposed that a van Hove sin-

ity, and the difference between ARPES result and STM sug-
gested a large 2A /kgTc ratio.[3>38] Tn “122” and “11” fami-
lies, large ratios of 2A /kg T were reported to be in a range of
about 7.5-8.143%1 In the iron-Chalogonides, the nodeless gap
size A ~ 8.5 meV, which is corresponding to 2A /kgTc ~ 7,

47.59-611 Most of the iron based superconduc-

is also reported.
tors give large 2A /kgTc ratio, suggesting that there exists the
strong coupling and unconventional superconductivity in this
system.

The ARPES measurement of the gap symmetry follows
the sy form. Figure 11 shows the gap measurement on dif-
ferent IBSCs with in-plane and out-of-plane gap distributions.
From the ARPES data, the general gap symmetry could be fit-
ted by an s form without plane variation. The in-plane gap
distribution on both hole and electron FSs could be fitted to
a simple s = Agcosk,cosk, as shown in Figs. 11(a)-11(e)
for NaFe( 95C0g.95As (Tc = 18 K), LiFeAs (Tc = 18 K) re-
spectively. In addition to the in-plane s+ form, the ARPES
gap measurement on Bag 6K 4FeyAsy (Te = 37 K) shows the
variation with out-of-plane momentum k,.1%%1 A fit to the
gap size of Bag 6Kg.4Fe, Asy with consideration of &, variation,
|A (ky, ky, k)| = |A coskycosky + (Az/2)(coskycosky) cosk,
is used and gives the best result as shown in Figs. 11(f)—

s

11(1).1921 A similar result with consideration of k, variation

gularity is close to Er as major ingredient to superconductiv- also gave good fitting to “11” system. [°]
N f
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Fig. 11. Gap symmetries of iron-based superconductors. Gap distribution on Co doped NaFe( 95Cog osAs (Tc = 18 K) shows isotropic gap
distribution on hole (a) and electron (b) Fermi surface. (c) and (d) Gap distributions of LiFeAs (7c = 18 K) as a function of angle and FSs on
hole and electron FSs respectively. (e) The s. fitting of gap distribution on LiFeAs. (f) and (g) Gap sizes as a function of photon energy for
hole-like band and electron-like band respectively on Bag Ko 4FexAsy (Tc = 37 K). (h) and (i) s+ form fitting of gap symmetry without and
with consideration of k; variation. Panels (a) and (b) are cited from Ref. [33]; panels (c), (d), and (e) are cited from Ref. [32]; panels (f)—(i) are

cited from Ref. [62].
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In AyFe,_,Se;, because of the missing of the hole-FSs,
only isotropic gaps on electron FSs were reported by various
groups. #6~*8 Wang et al. 1] reported on the ARPES measure-
ment on Tly 63Ko.37Fe; 78Ses (Tc = 29 K) and found only two
electron-like FSs at the BZ corner M and the isotropic gaps
on that FSs. As shown in Figs. 12(a) and 12(b), two near-
degenerate electron-like FSs around M and the gap values are
at about 8 meV along the FSs, no indication of node is ob-
served. At the same time, the hole-like bands at zone center
sink below Ef. Since there are only two near-degenerate elec-
tron FSs observed at M, and the gaps fully open on those FSs,
the two electron bands should have no sign-changes, 03601
an s+ form can also be used to fit the gap symmetry of
AyFezfoez.

(a) **7

@@ sample# I'M
& sample#2 MX
) sample#3 I'M'

Fig. 12. Gap measurements of superconducting (Tl, K)Fe; 73Se,.
(a) Momentum-resolved photoemission intensity mapping of
Tlo.63Ko.37Fe; 78Ses recorded in the normal state and integrated over
a 10-meV window centred at Eg. (b) Polar distribution of the SC gap
size along the FS for 3 different cuts (samples). Cited from Ref. [64].

The theoretical description of the pairing symmetry and
pairing mechanism is still not elucidated in IBSCs. Because
of the intermediate coupling nature in IBSCs and the exis-
tence of five bands near Ef, it is not obvious to start theo-
retical description.[!868 From the weak coupling viewpoint, a
Fermiology based scenario was proposed.

From the observation of ARPES, the Fermiology found
that the “11117, “122”, and “11” families gave antiferro-
magnetic spin fluctuation and created superconducting state.
The iron-pnictides share common features of electron and
hole FSs. In Figs. 13(a)-13(e), the measurements of super-
conducting gaps on the superconducting Bagy ¢Kg 4Fe,As, are
shown. Gaps on the hole bands (¢, ) and two electron bands
(7, 8) are isotropic. No node was observed in this mate-
rial and most of the IBSCs.[*%%701 As shown in Fig. 13(f),
in Bag ¢Ko4FezAs;, one hole-like band () and the electron-
like band (7y)’s FSs can be connected via a (7, 7) vector and
both have larger gaps, and another hole-band (&) has a smaller
gap and is not nested with any electron bands. A “itinerant”
scenario was proposed based on the (quasi)nesting between

the hole and electron FSs which will enhance the kinetic pro-
cess that a zero momentum pair formed on the a(7y) FS scat-
tered onto the y(ax) FS by the (m, 7) fluctuation vector, and
the pairing amplitude could be enhanced due to the process.
The (7, m) vector is also measured by the neutron scattering
experiment.[”7! The pairing symmetry with the opposite sign
on the electron and hole pocket is pairing symmetry for both
the electron and hole doped IBSCs.[33->+68.721

(a) am

:

" P . 1 1 L
40 0 40 20 0 20 40 0 40
Energy relative to Ey/meV

; s |A|/meV 15
il %‘ ---------- - @ R 10 ; A, M T

[

|A|/meV

Fig. 13. (a)—(c) Symmetrized EDCs at 15 K on Bag ¢Ko4FesAsy (Tc =
37 K), measured at various kg points on the &, 8, and y FS, labeled
by respective symbols correspondingly. (d) Extracted FS from ARPES
measurements in the superconducting state. (e) Superconducting-gap
values at 15 K, extracted from the EDCs ((a), (b), and (c)) shown on
polar plot for the ¢, B (left) and 7 (right) FS each as a function the of
the FS angle. (f) The 3D plot of the superconducting-gap size (A) mea-
sured at 15 K on the three observed FS sheets (shown at the bottom as
an intensity plot) and their temperature evolutions (inset). Cited from
Ref. [67].

However, the inter-FS scattering scenario is challenged.
In LiFe;_,Co,As, the highest Tc happens at stoichiometric
composition and the ARPES measurement reported on non-
nesting of the hole and electron FSs. The missing of the hole-
FSsin AyFe,_,Se;, family posts the great challenge in the sce-
nario. On the inter-FSs scattering, only the nested electron-
hole FS pockets as in “117, “111”, “122”, and “1111” fami-
lies would lead to a logarithmic divergence in the particle-hole

087406-9
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scattering channel. The material with high 7c (> 30 K) but
in the absence of hole-FSs cannot be understood by inter-FS
scattering caused pairing scenario.

Besides the pairing mechanism proposed by inter-FS
scattering, another candidate is the local magnetic exchange
interaction.>>! In IBSCs, the magnetic order is a collinear AF
(CAF) state with an ordered wavevector (p, 0)[731 as shown
in Fig. 14. This magnetic state of the iron-pnictides can be
obtained in a J1—J, Heisenberg model with J; < 2J,, where
J1 and J, are the nearest neighbor (NN) and the next near-
est neighbor (NNN) magnetic exchange interactions. In the
iron-chalcognide, the magnetic order state is a bi-collinear AF
state with an ordered wave vector (#(7/2), +(x/2)),l'+7!
as shown in Fig. 14(c). KggFej¢Se, exhibits a block AF
state with an ordered wavevector ((37/5), £(37/5)).538
For Fe-chalcognides, the 3rd nearest neighbor term J3 was in-
cluded. Neutron scattering measurement found out that all IB-
SCs share common J,, which suggests that superconductivity
in the iron-pnictides and iron-chalcogenides share a common
magnetic origin that is intimately associated with the J,.[6]
By adapting the local antiferromagnetic exchange model, the
pairing symmetry of iron pnictides and iron-chalcognides are
calculated from the magnetic coupling strength obtained from
experimental value and fitted ARPES observation well. In this
“strong correlation” paradigm, the effect of electron—electron
correlations is very important for high 7¢ for strengthen local
AF exchange interaction. At the same time, the AF exchange
interactions can combine with the inter-FS scattering from the
“weak coupling” to achieve higher Tc. This scenario covers
many common aspects with the cuprate high 7¢ superconduc-

tors.
(a) Cup;te (b) BaFe,As, ‘(C) FeTe ‘
. ° I 4 I 4 e
! 3 .Jl.! ”’ ‘j‘»‘/\ ]
. T b b
° ° ° ¥ | i 4 ‘ ’
EXRR 5 o LI

Fig. 14. Magnetically ordered states of HTSCs. (a) Checkerboard AF
ordering in cuprate. (b) Collinear AF ordering in ferropnictides. (c)
Bicollinear AF ordering in ferrochalcogenides. [°%!

8. Summary

The iron-based superconductors have been one of the
most important discoveries in recent years. After intensive
studies for more than four years, it has been an universally
received that the IBSCs belong to the unconventional super-
conductors and are close to the strong coupling region. The
IBSCs have multi orbitals close to the Fermi energy, which
participate in the superconductivity. The magnetic orders such

as AF magnetic exchange interaction and SDW play an im-
portant role in the superconductivity. The gap symmetry de-
termined by ARPES has an s form with a contribution from
the out-of-plane component. Albeit the electron and magnetic
structure are understood well, the underlying pairing mecha-
nism is still under debate. The “itinerant” or “local” magnetic
order as pairing mechanism needs further studying.
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