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We study the electronic states and the superconductivity in the two-dimensional 16-band d-p model coupled
with A1g, B1g, and Eg local phonons and obtain the rich phase diagram including the magnetic-, charge-, and
orbital-ordered phases on the parameter plane of the Coulomb and electron-phonon interactions. When the
electron-phonon interaction is dominant, the charge fluctuations induce the s++-wave superconductivity, while
when the Coulomb interaction is dominant, the magnetic fluctuations induce the s⫾-wave superconductivity.
Remarkably, the orbital fluctuations are enhanced due to the cooperative effects of the Coulomb and electronphonon interactions and induce the s++-wave and the nodal s⫾-wave superconductivities.
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I. INTRODUCTION

The recently discovered iron-based superconductors1,2
RFePnO1−xFx 共R = rare earth, Pn = As and P兲 with a transition
temperature Tc exceeding 50 K 共Refs. 3–7兲 have attracted
much attention. At present, there are following four families
of the iron-based superconductors: RFeAsO with ZrCuSiAstype structure 共1111 system兲, BaFe2As2 with ThCr2Si2-type
structure 共122 system兲,8,9 LiFeAs and NaFeAs with PbFCltype structure 共111 system兲,10–12 and Fe共Se,Te兲 共11
system兲.13,14 These systems have similar conducting Fepnictogen 共-chalcogen兲 planes and the resulting electronic
structures predicted by the first-principles calculations are
similar to those for each families.15–23 The energy bands near
the Fermi level mainly constructed by the Fe 3d orbitals are
heavily entangled and there are two or three concentric hole
Fermi surfaces 共FSs兲 around the ⌫ point 关k = 共0 , 0兲兴 and the
elliptical electron FSs around the M point 关k = 共 , 兲兴. These
features are observed by the angle-resolved photoemission
spectroscopy 共ARPES兲 in several compounds.24–26 Despite
the similarities of the electronic structures for the four families, it seems that the details of the gap structures are different from system to system as mentioned below and the pairing state together with the mechanism of the
superconductivity for the iron-based superconductors is still
controversial.
As for the 1111 system, the F nondoped compound
LaFeAsO exhibits the structural transition from tetragonal
共P4 / nmm兲 to orthorhombic 共Cmma兲 phase at a transition
temperature T = 155 K and stripe-type antiferromagnetic
共AFM兲 order at T = 134 K with a magnetic moment
⬃0.36B 共Ref. 27兲 at low temperature. With increasing F
doping, the system becomes metallic and the AFM order
disappears,2 and then, the superconductivity emerges for x
⬃ 0.1 with Tc ⬃ 26 K. Rare-earth substitution compounds
exhibit superconducting transition with higher Tc.3–7 The
NMR Knight-shift measurements revealed that the superconductivity of the systems is the spin-singlet pairing.28,29 Fully
gapped superconducting states have been predicted by various experiments such as the penetration depth,30 the specific
heat,31 and the impurity effect on Tc.29,32 In contrast to the
above-mentioned experiments, the NMR relaxation rate
1098-0121/2010/82共6兲/064518共10兲

shows the power-law behavior 1 / T1 ⬀ T3 below Tc,33 suggesting the nodal or highly anisotropic gap structure. The other
NMR measurements,34 however, revealed 1 / T1 ⬀ T6 below Tc
and there is still controversy.
The parent compound of the 122 system BaFe2As2 shows
the structural transition from tetragonal 共I4 / mmm兲 to orthorhombic 共Fmmm兲 phase and the stripe-type AFM order simultaneously at a transition temperature T = 140 K,9,35
where the magnetic moment is about 0.87B at low
temperature.35 Both the electron and hole doping by the substitution Co for Fe and K for Ba induce the
superconductivity.8,36 The T5 dependence of 1 / T1,37 the exponential behavior of the penetration depth38 and the ARPES
共Refs. 24, 39, and 40兲 suggest the fully gapped superconductivity. The chemical pressure by substituting P for As in
BaFe2共As1−xPx兲2 also leads to the superconductivity with Tc
up to 30 K,41 where the specific heat, the penetration depth,
the thermal conductivity, and NMR 1 / T1 imply the nodal or
highly anisotropic gap structures.42,43
In 11 system, FeTe shows the another type of the AFM
order with ordering vector q = 共 , 0兲,44,45 where the magnetic
moment is about 2.03B.44,45 On the other hand, FeSe does
not exhibit the magnetic order but superconducting transition
at T ⬃ 8 K.13 The thermal conductivity46 suggests the fully
gapped superconducting state.
Theoretically, Mazin et al.47 suggested that the fully
gapped s-wave pairing whose order parameter changes its
sign between the hole FSs and the electron FSs 共s⫾-wave
pairing兲 is favored due to the stripe-type AFM spin fluctuations. According to the weak coupling approaches based on
multiorbital Hubbard models,48–59 and those based on the
d-p model,60–62 the s⫾-wave pairing seems to be the promising candidate for the pairing state in the iron-based superconductors. It is shown that the s⫾-wave pairing is realized
also in the strong-coupling region by the mean-field study
based on the t-J1-J2 model63 and the exact-diagonalization
study based on the one-dimensional two-band Hubbard
model.64 The s⫾-wave state mediated by the spin fluctuations
seems to be consistent with many experiments. However, the
theoretical analysis of the nonmagnetic impurity effects
based on the five-band Hubbard model shows that the
s⫾-wave state is very fragile against nonmagnetic
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impurities.65 This is in contradiction to the experimental results that the superconductivity for the iron-based superconductors is robust against nonmagnetic impurities. Therefore,
the fully gapped s-wave state without sign reversing
共s++-wave state兲 is considered to be another promising candidate for the pairing state in the iron-based superconductors.
In the previous papers,60–62,66 we have investigated the
electronic states of the Fe2As2 plane in iron-based superconductors on the basis of the two-dimensional 16-band d-p
model which includes the Coulomb interaction on a Fe site:
the intraorbital and interorbital direct terms U and U⬘, the
Hund’s coupling J, and the pair-transfer J⬘. Using the
random-phase approximation 共RPA兲, we have found that, for
U ⬎ U⬘, the s⫾-wave superconductivity is realized due to the
spin fluctuations with q ⬃ 共 , 兲, while for U ⬍ U⬘, the
s++-wave state is realized due to the orbital fluctuations with
q = 共0 , 0兲.66 In addition, we suggest that the electron-phonon
interaction enhances the orbital fluctuations and plays the
significant role in the realization of the s++-wave superconductivity in the realistic parameter region U ⬎ U⬘. In the recent Raman spectroscopy, it is shown that the electronphonon coupling constant for A1g and B1g modes are larger
共A1g , B1g ⬃ 0.5兲 共Ref. 67兲 than those predicted by the firstprinciples calculations 共 ⬃ 0.21兲.19 Then, it is important to
investigate the effects of the electron-phonon interaction on
the electronic states and the superconductivity based on the
microscopic model.
Recently, Kontani and Onari have investigated the fiveband Hubbard-Holstein model which includes the Coulomb
interaction and the electron-phonon interaction due to the B1g
and Eg phonons at the zone center by using the RPA and
have shown that the Eg phonons drastically enhance the orbital fluctuations and the s++-wave superconductivity is realized by the orbital fluctuations for the realistic values of the
electron-phonon coupling.68 In Ref. 68, they derive the
electron-phonon coupling by calculating the electrostatic potential variance for Fe 3d electrons from the four surrounding As3− ions due to the oscillations of the Fe atoms assuming that the spatial extensions of the Fe 3d-like Wannier
functions are small. The spatial extensions of the Fe 3d-like
Wannier orbitals in the five-band model, however, are very
large, e.g., 具r2典 − 具r典2 ⬃ 5.37 Å2 for dx2−y2 orbital in
LaFeAsO,69–71 in contrast to their assumption. On the other
hand, in the effective model which includes both the Fe 3d
orbitals and the As 4p orbitals, so-called d-p model, the spatial extensions of the Wannier functions are considered to be
largely reduced.69–71 Therefore, theoretical studies on the
electron-phonon interaction based on the d-p model are
highly desired.
In the present paper, we investigate the effects of the
electron-phonon interaction on the electronic states and superconductivity based on the two-dimensional 16-band d-p
model, where the A1g, B1g, and Eg phonons at the zone center
are considered. Solving the linearized Eliashberg equation
with the pairing interaction obtained by using the RPA, we
obtain the phase diagram on the parameter plane of the Coulomb and electron-phonon interactions.
The paper is organized as follows. In Sec. II, we introduce
the two-dimensional 16-band d-p model coupled with the
A1g, B1g, and Eg local phonons and explain the formulation

of the RPA with the Coulomb and electron-phonon interactions in the multiorbital system. In Sec. III, we show the
numerical results of the charge-orbital susceptibility and the
gap function for the various values of the Coulomb and
electron-phonon interactions. The linearized Eliashberg
equation is solved and we obtain the phase diagram. Finally,
we summarize the paper in Sec. IV.
II. MODEL AND FORMULATION

Our model Hamiltonian is the two-dimensional 16-band
d-p model60–62,66,72 coupled with local phonons, where 3d
orbitals 共d3z2−r2 , dx2−y2 , dxy , dyz , dzx兲 of two Fe atoms 共Fe1
= A , Fe2 = B兲 and 4p orbitals 共px , py , pz兲 of two As atoms are
explicitly included. It is noted that x , y axes are directed
along second nearest Fe-Fe bonds. Here, we number the
Fe 3d orbitals as follows: d3z2−r2共1兲, dx2−y2共2兲, dxy共3兲, dyz共4兲,
and dzx共5兲.
The total Hamiltonian of the d-p model is given by
H = H0 + Hint + H ph + Hel-ph ,

共1兲

where H0, Hint, H ph, and Hel-ph are the kinetic, Coulomb
interaction, phonon, and electron-phonon interaction parts of
the Hamiltonian, respectively. The kinetic part of the Hamiltonian is given by the following tight-binding Hamiltonian:
H0 =

†
p †
dᐉdiᐉ
兺
diᐉ + 兺 m pim pim
i,ᐉ,
i,m,

+

兺

†
ti,j,ᐉ,ᐉ⬘diᐉ
d jᐉ⬘ +

兺

†
dp
ti,j,ᐉ,m
diᐉ
 p jm + H.c.,

dd

i,j,ᐉ,ᐉ⬘,

+

i,j,ᐉ,m,

兺

i,j,m,m⬘,

pp

†
ti,j,m,m⬘ pim
 p jm⬘

共2兲

where diᐉ is the annihilation operator for Fe 3d electrons
with spin  in the orbital ᐉ at the site i and pim is the
annihilation operator for As 4p electrons with spin  in the
orbital m at the site i. In Eq. 共2兲, the transfer integrals tdd
i,j,ᐉ,ᐉ⬘,
pp
dp
d
p
,
t
,
and
the
atomic
energies

,

are
determined
ti,j,m,m
ᐉ
m
⬘ i,j,ᐉ,m
so as to fit both the energy and the weights of orbitals for
each band obtained from the tight-binding approximation to
those from the density-functional calculation for LaFeAsO
and are listed in Refs. 64 and 70. The doping concentration x
corresponds to the number of electrons per unit cell n = 24
+ 2x in the present model. The FSs for x = 0.1 are shown in
Fig. 1 and we see the two hole FSs 共FS1 and FS2兲 and the
two electron FSs 共FS3 and FS4兲 as predicted by the firstprinciples calculations.15–19
The Coulomb interaction part of the Hamiltonian is given
as follows:
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1
†
d† diᐉ¯diᐉ
Hint = U 兺 兺 兺 diᐉ
2 i ᐉ ⫽¯  iᐉ¯
1
+ U⬘ 兺
2
i
1
+ J兺
2 i

兺 兺 diᐉ† diᐉ†¯ ⬘diᐉ¯ ⬘diᐉ

ᐉ⫽ᐉ̄ ,⬘

兺 兺 diᐉ† diᐉ†¯ ⬘diᐉ⬘diᐉ¯ 
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electrostatic potential variance for Fe 3d electrons from the
four surrounding As4− ions due to the oscillations of the Fe
atoms for the B1g and Eg modes in the displacement of the Fe
atoms up to the first order and expand that in the x, y, and z
coordinates up to the second order. The resulting electronphonon coupling matrix elements of the B1g and Eg phonons
are given as follows:

M
FS1
FS2

Γ

ky 0
FS3
FS4

-π
-π

X
x2-y2
yz,zx
π

0
kx

冑3gE151 = gE251 = gE341 = − 冑3gE142 = gE242 = − gE352 ,

共6兲

gB44 = − gB55 = 冑3/2gB12 ,

共7兲

gsᐉᐉ⬘ = gsᐉ⬘ᐉ ,

共8兲

g

兺兺

ᐉ⫽ᐉ̄ ⫽¯

†
†
¯
¯
diᐉ
diᐉ¯diᐉ¯diᐉ ,

共3兲

where U and U⬘ are the intraorbital and interorbital direct
terms, respectively, and J and J⬘ are the Hund’s coupling and
the pair transfer, respectively. We assume that the relations
between Coulomb matrix elements U = U⬘ + 2J and J = J⬘ are
satisfied throughout the present paper.
Now we consider the effect of the phonon and the
electron-phonon interaction parts of the Hamiltonian H ph and
Hel-ph. By performing the group theoretical analysis, it is
found that there are 14 kinds of the optical-phonon modes at
the zone center. In the present paper, we consider the A1g,
B1g, and Eg phonon modes in which As atoms oscillate along
the z axis, Fe atoms oscillate along the z axis, and Fe atoms
oscillate in the x-y plane, respectively 共see Fig. 2兲. Here and
hereafter, we neglect the momentum dependence of the
electron-phonon couplings and that of the phonon frequencies for simplicity. The resulting phonon and the electronphonon interaction parts of the Hamiltonian are given as
H ph = 兺 兺 sbis† bis ,
i

Hel-ph = 兺 兺
i

共4兲

s

兺 兺 gsᐉᐉ⬘diᐉ† diᐉ⬘共bis† + bis兲,

共5兲

s ᐉ,ᐉ⬘

where bis is the annihilation operator for the phonon of the
mode s 共=A1g, B1g, E1g, and E2g兲 at the site i, s is the phonon
frequency, and gsᐉᐉ⬘ is the electron-phonon coupling. We note
that E1g and E2g correspond to the oscillation along the x and y
axes in the Eg mode. As following Ref. 68, we expand the
(a)

A1g

(b)

B1g

(c)

g

1g

FIG. 1. 共Color online兲 FSs obtained from the d-p model for x
= 0.1. The solid and dashed lines show the FSs which have mainly
dyz, dzx, and dx2−y2 orbital character, respectively.

1
+ J⬘ 兺
2 i

g

1g

gsᐉᐉ⬘ = 0

1g

共otherwise兲.

共9兲

共10兲

Within the RPA,73–75 the spin susceptibility ˆ s共q兲 and the
charge-orbital susceptibility ˆ c共q兲 are given in the 50⫻ 50
matrix representation as follows:60–62,66

ˆ s共q兲 = 关1̂ − ˆ 共0兲共q兲Ŝ兴−1ˆ 共0兲共q兲,

共11兲

ˆ c共q兲 = 关1̂ + ˆ 共0兲共q兲Ĉ兴−1ˆ 共0兲共q兲

共12兲

with the noninteracting susceptibility

ᐉ共0兲1ᐉ␣2,,ᐉ␤3ᐉ4共q兲 = −

T
兺 G␤␣ 共k兲Gᐉ␣␤2ᐉ4共k + q兲,
N k ᐉ3ᐉ1

共13兲

where ␣, ␤ 共=A , B兲 represent two Fe sites, ᐉ represents Fe 3d
orbitals, Ĝ共k兲 = 关共in + 兲1̂ − Ĥ0共k兲兴−1 is the noninteracting
Fe 3d electron Green’s function in the 10⫻ 10 matrix representation,  is the chemical potential, Ĥ0共k兲 is the kinetic
part of the Hamiltonian with the momentum k in Eq. 共2兲, k
= 共k , in兲, q = 共q , im兲, and n = 共2n + 1兲T and m = 2mT are
the fermionic and bosonic Matsubara frequencies, respectively. It is noted that when the largest eigenvalue spin 共c-o兲
of ˆ 共0兲共q兲Ŝ 关−ˆ 共0兲共q兲Ĉ兴 reaches unity, the magnetic 共chargeorbital兲 instability occurs.
In the RPA, generally, we need to collect all the ring- and
ladder-type Feynman diagrams, where the bare vertices for
the spin and charge-orbital susceptibilities Ŝ and Ĉ in Eqs.
共11兲 and 共12兲 are given by68

Eg

共Ŝ兲ᐉ␣,␤ᐉ ,ᐉ
共Ĉ兲ᐉ␣,␤ᐉ ,ᐉ

1 2 3ᐉ4

As

x

FIG. 2. 共Color online兲 The schematic figure of the oscillations of
Fe and As atoms in the 共a兲 A1g, 共b兲 B1g, and 共c兲 Eg modes, respectively. The small and large spheres denote Fe and As atoms,
respectively.

g

gAᐉᐉ⬘ = gAᐉᐉ ␦ᐉ,ᐉ⬘ .
1g
1g

Fe

y

g

In addition, we also consider the electron-phonon coupling
for the A1g phonon,

1 2 3ᐉ4

z

g

= 共Ûc兲ᐉ␣,␤ᐉ ,ᐉ

1 2 3ᐉ4

= 共Ûs兲ᐉ␣,␤ᐉ ,ᐉ

1 2 3ᐉ4

,

共14兲

− 2␦␣␤ 兺 gsᐉ2ᐉ1gsᐉ3ᐉ4Ds共im兲,
s

共15兲
2
+ s2兲
Ds共im兲 = 2s / 共m

is the local phonon
where the
Green’s function for the mode s and Ûs and Ûc are the bare
vertices due to the Coulomb interaction given as follows:
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Ûs共Ûc兲 =

冦

冧

共␣ = ␤,ᐉ1 = ᐉ2 = ᐉ3 = ᐉ4兲

U共U兲

U⬘共− U⬘ + 2J兲 共␣ = ␤,ᐉ1 = ᐉ3 ⫽ ᐉ2 = ᐉ4兲
J共2U⬘ − J兲

共␣ = ␤,ᐉ1 = ᐉ2 ⫽ ᐉ3 = ᐉ4兲

J⬘共J⬘兲
0

共␣ = ␤,ᐉ1 = ᐉ4 ⫽ ᐉ2 = ᐉ3兲
共otherwise兲.

30
20

T
兺 兺 兺 V␣,␤ 共k − k⬘兲
N k ᐉ1ᐉ2ᐉ3ᐉ4 ␣ ,␤ ᐉᐉ1,ᐉ2ᐉ⬘

⫻

⬘

⬘ ⬘

Gᐉ␣⬘ᐉ␣ 共−
3 1

k⬘兲⌬ᐉ␣⬘ᐉ␤⬘共k⬘兲Gᐉ␤⬘ᐉ␤ 共k⬘兲,
3 4
4 2

共17兲

␣␤
where ⌬ᐉᐉ
共k兲 is the gap function and Vᐉ␣,␤ᐉ ,ᐉ ᐉ 共q兲 is the ef⬘
1 2 3 4
fective pairing interaction for the spin-singlet state. Within
the RPA,73–75 Vᐉ␣,␤ᐉ ,ᐉ ᐉ 共q兲 is given in the 50⫻ 50 matrix,
1 2 3 4

1
1
3
V̂共q兲 = Ŝˆ s共q兲Ŝ − Ĉˆ c共q兲Ĉ + 共Ŝ + Ĉ兲.
2
2
2

共18兲

The linearized Eliashberg Eq. 共17兲 is solved to obtain the gap
␣␤
共k兲 with the eigenvalue sc. At T = Tc, the largest
function ⌬ᐉᐉ
⬘
eigenvalue sc becomes unity. In the present paper, we only
focus on the case with x = 0.1, where the superconductivity is
observed in the 1111 system.2 For simplicity, we set T
= 0.02 eV and A1g = B1g = E1 = E2 = 0 = 0.02 eV in the
g
g
15
34
14
present study.19,67,78 As Ref. 68, we assume gE1 = gE1 = gE2
g

g

g

= gE2 = gB12 = 0 and also set gE1 = gE2 = gB44 = −gB55 = gAᐉᐉ = g.
1g
1g
1g
1g
g
g
g
We use 32⫻ 32 k-point meshes and 512 Matsubara frequencies 共−511T ⱕ n ⱕ 511T兲 in the numerical calculations for Eqs. 共11兲–共18兲 and perform the summation of the
momentum and the frequency in Eqs. 共13兲 and 共17兲 by using
the fast Fourier transformation. Here and hereafter, we measure the energy in units of electron volt.
35

25

24

(a)

4 (b)

2222
4444
4455
2424
2442

2

2222
4444
4455
2424
2442

0

In Eqs. 共14兲 and 共15兲, we neglect the ladder terms for the
phonon-mediated interaction. This is valid when the condition s Ⰶ EF is satisfied, where EF is the Fermi energy, because the ladder terms are proportional to the power of
s / EF in the weak-coupling regime under the condition s
Ⰶ EF.76 The vertex corrections including the ladder terms,
however, play significant roles in the intermediate and
strong-coupling regime even though s Ⰶ EF.77 The effect of
the ladder terms will be discussed in Sec. III D.
The linearized Eliashberg equation is given by
␣␤

χ (q)

10

共16兲

sc⌬ᐉᐉ⬘共k兲 = −

C

C

χ (q)

III. CALCULATED RESULTS
A. Charge-orbital susceptibility

As presented in Eqs. 共14兲 and 共15兲, where we neglect the
ladder terms, the spin susceptibility is not affected by the
electron-phonon interaction and is the same as the results
shown in our previous papers.60–62,66 Therefore, first, we focus on the effects of the electron-phonon interaction on the
charge-orbital susceptibility. The effects of the ladder terms
on the spin and charge-orbital susceptibilities will be discussed in Sec. III D.
The several components of the static charge-orbital susceptibility ˆ c共q , 0兲 for U⬘ = 0 and 2g2 / 0 = 0.31 and those for

0
Γ

X

q

M

Γ

Γ

X

q

M

Γ

FIG. 3. 共Color online兲 共a兲 Several components of the chargeorbital susceptibility ˆ c共q , 0兲 for U⬘ = 0 and 2g2 / 0 = 0.31 and 共b兲
those for U⬘ = 1.0 and 2g2 / 0 = 0.45 at J = J⬘ = 0.1.

U⬘ = 1.0 and 2g2 / 0 = 0.45 at J = J⬘ = 0.1 are shown in Figs.
3共a兲 and 3共b兲, respectively, where the parameters are chosen
to satisfy the condition sc ⬃ 1. It is found that for U⬘ = 0 and
2g2 / 0 = 0.31, the diagonal components of ˆ c共q , 0兲, espeA,A
, are large and have sharp peaks around
cially 关ˆ c共q , 0兲兴22,22
q ⬃ 共 , 兲 which originate from the nesting between the hole
FSs and the electron FSs 共see Fig. 1兲, while the off-diagonal
components are small. When U⬘ = 0 and 2g2 / 0 = 0.31, c-o
␣,␤
⬃ 0.99 and the charge susceptibility 兺ᐉ,ᐉ⬘,␣,␤关ˆ c共q , 0兲兴ᐉᐉ,ᐉ
⬘ᐉ⬘
becomes almost divergent, where the charge fluctuations
dominate over the orbital fluctuations. We note that the
charge fluctuations are enhanced due to the effects of the A1g
phonon.
As shown in Fig. 3共b兲, for U⬘ = 1.0 and 2g2 / 0 = 0.45, the
A,A
off-diagonal components of ˆ c共q , 0兲, especially 关ˆ c共q , 0兲兴24,24
A,A
c
and 关ˆ 共q , 0兲兴24,42, are large and have broad peaks around q
= 共0 , 0兲 and q ⬃ 共 , 兲, while the diagonal components are
not so large in contrast to the case with U⬘ = 0 and 2g2 / 0
A,A
= 0.31 关see Fig. 3共b兲兴. We note that 关ˆ c共q , 0兲兴24,24
and
A,A
c
关ˆ 共q , 0兲兴24,42 represent the transverse orbital fluctuations.
The peaks around q = 共0 , 0兲 and q ⬃ 共 , 兲 originate from the
scattering in the electron FSs and the nesting between the
hole FSs and the electron FSs, respectively. When U⬘ = 1.0
and 2g2 / 0 = 0.45, c-o ⬃ 0.97 and the off-diagonal compoA,A
A,A
and 关ˆ c共q兲兴24,42
are largely enhanced, while
nents 关ˆ c共q兲兴24,24
␣,␤
the charge susceptibility 兺ᐉ,ᐉ⬘,␣,␤关ˆ c共q兲兴ᐉᐉ,ᐉ
is not en⬘ᐉ⬘
hanced because of the negative contributions of the orbital
A,A
共see Fig. 3兲. Then, the
susceptibilities such as 关ˆ c共q , 0兲兴44,55
orbital fluctuations dominate over the charge fluctuations in
contrast to the case with U⬘ = 0 and 2g2 / 0 = 0.31. We note
that the off-diagonal components of the orbital susceptibiliA,A
A,A
and 关ˆ c共q , 0兲兴24,42
are enhanced due to the
ties 关ˆ c共q , 0兲兴24,24
A,A
and
effects of the Eg phonon while 关ˆ c共q , 0兲兴44,44
A,A
c
关ˆ 共q , 0兲兴44,55 are enhanced due to the effects of the B1g phonon. In addition, the orbital fluctuations are enhanced also
due to the effect of the interorbital Coulomb interaction U⬘
as shown in our previous paper.66

B. Gap function

By solving the linearized Eliashberg equation, we obtain
the gap function with the lowest Matsubara frequency in the
␣␤
orbital representation ⌬ᐉᐉ
共k , iT兲. Then performing the uni⬘
tary transformation, we obtain the diagonal components of
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the gap function in the band representation ⌬ˆ 共k , iT兲. Figure
ˆ 共k , iT兲 for U⬘ = 0 and 2g2 /  = 0.31. It is found
4 shows ⌬
0
that the pairing symmetry is the s++-wave state, where the
gap function has no sign change on the whole FSs. In this
regime, the s++-wave superconductivity is mediated by the
charge fluctuations which is enhanced due to the effects of
the A1g phonon as mentioned before 关see Fig. 3共a兲兴.
ˆ 共k , iT兲 for U⬘ = 1.0 and 2g2 /  = 0.45.
Figure 5 shows ⌬
0
It is found that the pairing symmetry is the s++-wave state,
where the gap function has no sign change on the whole FSs.
In this regime, the s++-wave superconductivity is mediated
by the orbital fluctuations which is enhanced due to the coπ
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operative effects of the B1g, Eg phonons, and the interorbital
Coulomb interaction U⬘ as mentioned before 关see Fig. 3共b兲兴.
In contrast to the above two cases, for U⬘ = 1.5 and
2g2 / 0 = 0.34, the gap function have nodes on the FS4 as
shown in Fig. 6. Thus, the pairing state is the nodal s⫾-wave
state which originate from the coexistence of the orbital fluctuations with q = 共0 , 0兲 and the spin fluctuations with q
⬃ 共 , 兲.60–62,66 When we further increase the Coulomb interaction, the spin fluctuations dominate over the orbital fluctuations resulting in the s⫾-wave state, where the sign of the
gap function between the hole FSs and the electron FSs as
shown in Fig. 7.62,66 Then, the nodal s⫾-wave state is ob-

(b) 12th band (FS2)

−π−π

π

FIG. 4. 共Color online兲 The diagonal compoˆ 共k , iT兲 in the band
nents of the gap function ⌬
representation for U⬘ = 0, 2g2 / 0 = 0.31, and J
= J⬘ = 0.1. 共a兲–共d兲 correspond to the 11th, 12th,
13th, and 14th bands, respectively. The solid and
dashed lines represent the FSs and the nodes of
the gap function, respectively.
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FIG. 5. 共Color online兲 The diagonal compoˆ 共k , iT兲 in the band
nents of the gap function ⌬
representation for U⬘ = 1.0, 2g2 / 0 = 0.45, and J
= J⬘ = 0.1. 共a兲–共d兲 correspond to the 11th, 12th,
13th, and 14th bands, respectively. The solid and
dashed lines represent the FSs and the nodes of
the gap function, respectively.
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served in the crossover region between the s⫾-wave phase
and the s++-wave phase as shown in Fig. 7.
C. Phase diagram

The phase diagram on U⬘-2g2 / 0 plane is shown in Fig.
8. It is found that the phase diagram includes the charge,
orbital, and magnetic order and the superconductivity, where
the charge-orbital, magnetic, and superconducting instabilities are determined by the condition that c-o, spin, and sc
reach unity as mentioned in Sec. II, respectively.
First, we focus on the ordered phase. As shown in Fig. 8,
for 0 ⱕ U⬘ ⬍ 0.44, the charge order with q ⬃ 共 , 兲 takes
place at a certain critical value of 2g2 / 0. Since both the
intraorbital and interorbital direct terms U and U⬘ suppress
the charge fluctuations, the critical values of 2g2 / 0 increase
with increasing U⬘. For 0.44⬍ U⬘ ⬍ 1.8, the ferro-orbital order with q = 共0 , 0兲 takes place while the antiferrolike orbital
order with q ⬃ 共 , 兲 takes place for 1.8⬍ U⬘ ⬍ 1.96. Since
the interorbital direct term U⬘ enhances the orbital
fluctuations,66 the critical values of 2g2 / 0 decrease with
increasing U⬘. For U⬘ ⬎ 1.96, the stripe-type AFM order with
nodal s+- (FS3) nodal s +- (FS4)

s++

+ +
-+

+
+

+

+

FIG. 6. 共Color online兲 The diagonal compoˆ 共k , iT兲 in the band
nents of the gap function ⌬
representation for U⬘ = 1.5, 2g2 / 0 = 0.34, and J
= J⬘ = 0.1. 共a兲–共d兲 correspond to the 11th, 12th,
13th, and 14th bands, respectively. The solid and
dashed lines represent the FSs and the nodes of
the gap function, respectively.
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(b) 12th band (FS2)

-+
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q ⬃ 共 , 兲 takes place as presented in the previous
papers.60–62,66
Now, let us bring our attention to the superconductivity. It
is found that the pairing symmetry is always s wave and the
gap structure sensitively depends on U⬘ and 2g2 / 0. For
U⬘ ⱕ 1.25, the s++-wave superconductivity is realized near
the charge- and orbital-ordered phases. The superconductivity near the charge-ordered phase is mediated by the charge
A,A
while that near
fluctuations characterized by 关ˆ c共q , 0兲兴ᐉᐉ,ᐉᐉ
the orbital-ordered phase is mediated by the orbital fluctuaA,A
A,A
, 关ˆ c共q , 0兲兴24,42
,
tions characterized by 关ˆ c共q , 0兲兴24,24

2
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spin fluctuation
FIG. 7. 共Color online兲 The schematic figure of the crossover
between the s++-wave and the nodal s⫾-wave states and that between the nodal s⫾-wave and the s⫾-wave states. The solid and
dashed lines represent the FSs on which the signs of the gap functions are positive and negative, respectively.

1
U’ (eV)

2

FIG. 8. 共Color online兲 共a兲 The phase diagram on the U⬘-2g2 / 0
plane for J = J⬘ = 0.1 at x = 0.1, T = 0.02. The open and solid circles
represent the s++-wave and s⫾-wave superconducting instabilities,
respectively. The open triangles and squares represent the nodal
s⫾-wave superconducting instabilities whose nodes are on the FS3
and FS4, respectively. The dashed, solid, dotted, and dotted-dashed
lines show the magnetic order with q ⬃ 共 , 兲, orbital order with
q ⬃ 共 , 兲, orbital order with q = 共0 , 0兲, and charge order with q
⬃ 共 , 兲, respectively.
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D. Antiadiabatic limit

Finally, we discuss the effects of the ladder-type diagrams
of the electron-phonon interaction which are neglected in
Eqs. 共14兲 and 共15兲. In general, it is difficult to include the
effects of the ladder terms for the phonon-mediated interaction. Therefore, in this section, we study the effects of the
ladder terms by taking the antiadiabatic limit 共s → ⬁兲,
where the phonon Green’s function becomes Ds共im兲
→ 2 / s. The resulting bare vertices Ŝ and Ĉ are given by
共Ŝ兲ᐉ␣␤ᐉ

= 共Ûs兲ᐉ␣␤ᐉ

− 2␦␣␤ 兺 gsᐉ3ᐉ1gsᐉ2ᐉ4/s , 共19兲

共Ĉ兲ᐉ␣␤ᐉ

= 共Ûc兲ᐉ␣␤ᐉ

− 2␦␣␤ 兺 2gsᐉ2ᐉ1gsᐉ3ᐉ4/s

1 2,ᐉ3ᐉ4

1 2,ᐉ3ᐉ4

1 2,ᐉ3ᐉ4

1 2,ᐉ3ᐉ4

+ 2␦␣␤ 兺

s

s

gsᐉ3ᐉ1gsᐉ2ᐉ4/s .

共20兲

s

Substituting Eqs. 共19兲 and 共20兲 into Eqs. 共11兲, 共12兲, and 共18兲
instead of Eqs. 共14兲 and 共15兲, we obtain the RPA results by
including the ladder terms of the electron-phonon interaction. Although the antiadiabatic limit is not physically relevant, it is still a useful point of the reference for getting an
overall understanding of the physics of the model. We note
that, when we apply the antiadiabatic limit to the vertex Ĉ

antiadiabatic limit
1

2

2g /ω0 (eV)

A,A
A,A
关ˆ c共q , 0兲兴44,44
, and 关ˆ c共q , 0兲兴44,55
共see Fig. 3兲. On the other
hand, for U⬘ ⱖ 1.6, the s⫾-wave superconductivity is realized
near the orbital- and magnetic-ordered phases, where the
spin fluctuations are responsible for the superconductivity as
presented in the previous papers.60–62,66 In addition, the nodal
s⫾-wave superconductivity is realized between the s++-wave
and s⫾-wave superconducting phases.
This crossover behavior is naturally explained by the relative strength of the orbital fluctuations and the spin fluctuations. When the spin fluctuations are not so strong, the
s++-wave state is realized. With increasing U⬘, the spin flucA,A
.
tuations with q ⬃ 共 , 兲 develop, especially 关ˆ s共q , 0兲兴22,22
AA
The gap function ⌬22 共k , iT兲 has sign change between the
hole FSs and the electron FSs, where the amplitude of
AA
共k , iT兲 around the electron FSs is small. On the other
⌬22
AA
AA
共k , iT兲 and ⌬55
共k , iT兲 have no sign change. As
hand, ⌬44
a result, the nodes appear on the FS3 which has mainly orbital 2 character. As the spin fluctuations with q ⬃ 共 , 兲
AA
共k , iT兲 around the
further increase, the amplitude of ⌬22
electron FSs increase and the nodes appear on the FS4 and
finally, for U⬘ ⱖ 1.6, the fully gapped s⫾-wave state is realized. As shown in Fig. 7, the nodes first appear on the FS3
and the position of the nodes smoothly moves to FS4 as U⬘
increases. Finally, the nodes on the FSs disappear and the
s⫾-wave state is realized.
We note that the critical value of 2g2 / 0 at which the
orbital order takes place decrease with increasing U⬘ as mentioned above since U⬘ enhances the orbital fluctuations.66
Thus, we stress that the orbital order and the orbital
fluctuation-mediated superconductivity are driven by the cooperative effects of the Coulomb interaction and the
electron-phonon interaction.

0.5
normal

0
0

1
U’ (eV)

2

FIG. 9. 共Color online兲 共a兲 The phase diagram on the U⬘-2g2 / 0
plane for J = J⬘ = 0.1 at x = 0.1, T = 0.02 in the antiadiabatic limit. It is
noted that the legends are the same as Fig. 8.

given in Eq. 共15兲 where the ladder terms of the electronphonon interaction are neglected, the phase boundaries for
the charge, orbital, and magnetic orders shown in Fig. 8 are
unchanged although the superconducting phase boundary is
modified due to the retardation effect of the electron-phonon
interactions as mentioned below.
The phase diagram on U⬘-2g2 / 0 plane in the antiadiabatic limit is shown in Fig. 9. As shown in Eq. 共19兲, the spin
fluctuation enhanced due to the first term of right-hand side
共rhs兲 is suppressed by the second term of rhs corresponding
to the contribution from the ladder terms of the electronphonon interaction. Similarly, the charge-orbital fluctuation
enhanced due to the second term of rhs in Eq. 共20兲 is suppressed by the third term of rhs corresponding to the contribution from the ladder terms. Therefore, the magnetic,
charge, and orbital instabilities are considered to be suppressed by the ladder terms of the electron-phonon interaction. In fact, as shown in Fig. 9, the critical values of 2g2 / 0
for the charge and orbital orders with including the ladder
terms are larger than those without the ladder terms shown in
Fig. 8. The critical value of U⬘ for the magnetic order with
including the ladder terms is also larger than that without the
ladder terms 共see Figs. 8 and 9兲.
Remarkably, the s++-wave superconductivity is observed
in a considerably wide parameter region as shown in Fig. 9.
In the antiadiabatic limit, the bare vertex Ĉ given in Eq. 共20兲
is independent of the frequency, and then, the effective pairing interaction V̂共q兲 due to the charge-orbital fluctuations
becomes attractive for a wide frequency range. On the other
hand, in the case with the frequency-dependent vertex Ĉ
given in Eq. 共15兲, the effective pairing interaction V̂共q兲 due
to the charge-orbital fluctuations becomes attractive only for
the low frequency 兩m兩 ⬍ 0. As the result, the s++-wave superconductivity due to the charge-orbital fluctuations is observed in a relatively narrow region as shown in Fig. 8 for
T = 0 = 0.02, where V̂共q兲 is attractive only for m with m
= 0 as 1 = 2T ⬎ 0. When the temperature is lowered below
0, V̂共q兲 becomes attractive also for m with 兩m兩 ⱖ 1, and
then, it is expected that the s++-wave superconductivity is
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observed in a wider parameter region also for the case with
the frequency-dependent vertex.
IV. SUMMARY AND DISCUSSION

In summary, we have investigated the two-dimensional
16-band d-p model coupled with A1g, B1g, and Eg local
phonons using the RPA and have obtained the phase diagram
including the magnetic-, charge-, and orbital-ordered phases
on the parameter plane of the Coulomb and electron-phonon
interactions as follows: 共1兲 for weak Coulomb interaction,
the charge order with q ⬃ 共 , 兲 takes place due to the effect
of the electron-phonon interaction with A1g mode. 共2兲 For
intermediate Coulomb interaction, the orbital order with q
⬃ 共0 , 0兲 takes place due to the cooperative effects of the
Coulomb interaction and the electron-phonon interaction
with B1g and Eg modes. The orbital order with q ⬃ 共 , 兲
also takes place for relatively larger value of the Coulomb
interaction. 共3兲 For strong Coulomb interaction, the stripetype antiferromagnetic order with q ⬃ 共 , 兲 takes place due
to the effect of the Coulomb interaction.
Using the effective pairing interaction obtained from the
RPA, we have also solved the linearized Eliashberg equation
to obtain the superconducting phase diagram including the
three types of s-wave pairing as follows: 共1兲 near the chargeordered phase for weak Coulomb interaction, the s++-wave
pairing is mediated by the charge fluctuations. 共2兲 Near the
orbital-ordered phase for intermediate Coulomb interaction,
the s++-wave pairing is mediated by the orbital fluctuations
when the spin fluctuations are not so strong, while the nodal
s⫾-wave pairing is mediated by both of the orbital and spin
fluctuations when the spin fluctuations are rather strong. 共3兲
Near the magnetic-ordered phase for strong Coulomb interaction, the s⫾-wave pairing is mediated by the spin fluctuations.
Similar phase diagram including the magnetic- and
orbital-ordered phases had recently been obtained by Kontani and Onari68 using the five-band Hubbard-Holstein
model. They had also discussed the superconductivity due to
the magnetic and orbital fluctuations and have claimed that
the s++-wave superconductivity is realized near the orbitalordered phase, while the s⫾-wave superconductivity is realized near the magnetic-ordered phase, although the detailed
superconducting phase diagram has not been obtained. In the
present study, we have explicitly obtained the superconducting phase diagram and have found that not only the s++-wave
but also the nodal s⫾-wave superconductivity is realized near
the orbital-ordered phase in contrast to the prediction in Ref.
68. In addition, the charge order and the charge fluctuationmediated s++-wave superconductivity have been found to
take place due to the effect of the A1g local phonon which
was not been considered in Ref. 68. In early theoretical studies for the copper oxide superconductors, the effect of the
Coulomb interaction between the d and p electrons U pd was
found to enhance the charge fluctuations which induce the
s-wave superconductivity.79,80 We have also discussed the
effect of U pd on the present d-p model for the iron-based
superconductors and have found that U pd enhances the
charge fluctuation-mediated s++-wave superconductivity. The

detailed results will be published in a subsequent paper.
It seems that both the s⫾-wave and the s++-wave states
with full superconducting gaps are consistent with various
experiments in the iron-based superconductors as mentioned
in Sec. I, although the sign of the gap function has not been
directly observed. However, the recent theoretical studies of
the nonmagnetic impurity effects65 revealed that the Anderson’s theorem is violated for the s⫾-wave superconductivity
in contrast to the experimental results of very weak Tc suppression in Fe site substitution29,36 and neutron irradiation.32
As the impurity potential due to the Fe-site substitution is
considered to be diagonal and local in the orbital basis according to the first-principles calculation,81 it is expected that
the s++-wave state is more robust against the nonmagnetic
impurity than the s⫾-wave state. In the recent ultrasonic
measurements,82,83 a remarkable softening of the elastic constant is observed at low temperature down to Tc and is well
accounted for by Jahn-Teller modes coupled with strong orbital fluctuations.83 In addition, the weak T dependence of
1 / T1T 共Refs. 43 and 84兲 above Tc in the electron-doped compounds is considered to indicate the weak spin fluctuations.
Thus, the s++-wave state due to the orbital fluctuations seems
to be responsible for the fully gapped superconductivity in
the iron-based superconductors.
In BaFe2共As1−xPx兲2, the recent field-angle-resolved specific heat85 and the ARPES measurements86 suggest that the
superconducting gap function has vertical line nodes along
the kz axis on the electron FSs. This nodal superconductivity
seems to correspond to the nodal s⫾-wave state obtained in
the present study. In the previous works,50,56,87 the similar
nodal s⫾-wave states have been obtained in the crossover
region between the s⫾-wave phase and the d-wave phase
when the different modes of the spin fluctuations coexist.
This is a striking contrast to the case with the present study
where the nodal s⫾-wave state is realized in the crossover
region between the s++-wave phase and the s⫾-wave phase
when the strong orbital and spin fluctuations coexist. If the
fully gapped superconductivity widely observed in the ironbased superconductors is the s++-wave state, it is natural to
consider that the nodal superconductivity observed in
BaFe2共As1−xPx兲2 is the nodal s⫾-wave state obtained in the
present study.
In the present and previous papers,66 we have shown that
the electron-phonon interaction plays important roles for the
iron-based superconductors in cooperation with the Coulomb
interaction. Actually, the Raman spectroscopies indicate the
large electron-phonon interaction.67 The large value of the
Grüneisen parameter88 and the drastic softening of the elastic
constant82,83 observed in BaFe2−xCoxAs2 also indicate the
large electron-lattice coupling. Remarkably, the recent ultrasonic measurements revealed that the softening of the elastic
constant C44 is much larger than 共C11 − C12兲 / 2 and continues
down to Tc,83 where the temperature dependence of the elastic constant is well accounted for by Jahn-Teller modes
which couple with the orbital fluctuation between dyz and dzx
␣,␤
␣,␤
orbitals: 关ˆ c共q兲兴44,44
− 关ˆ c共q兲兴44,55
. Since this type of the orbital fluctuation is enhanced due to the electron-phonon interaction with B1g mode, we may expect that the effects of
the B1g phonon is most dominant for the elastic softening and
the superconductivity. In fact, the first-principles
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calculation19 and the Raman spectroscopies67,78 suggest that
the frequency of the B1g phonon is lower than the A1g and Eg
phonons, although the same frequencies are assumed in the
present study for simplicity. Therefore, we need further investigation of the electron-phonon interaction with including
the more realistic effects such as the mode dependence of the
phonon frequencies and the coupling constants and the phonon dispersions which have not been considered in this
paper.

1

Y. Kamihara, H. Hiramatsu, M. Hirano, H. Y. R. Kawamura, T.
Kamiya, and H. Hosono, J. Am. Chem. Soc. 128, 10012 共2006兲.
2 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.
Chem. Soc. 130, 3296 共2008兲.
3 G. F. Chen, Z. Li, D. Wu, G. Li, W. Z. Hu, J. Dong, P. Zheng, J.
L. Luo, and N. L. Wang, Phys. Rev. Lett. 100, 247002 共2008兲.
4 Z. A. Ren, J. Yang, W. Lu, W. Yi, G. C. Che, X. L. Dong, L. L.
Sun, and Z. X. Zhao, Mater. Res. Innovations 12, 105 共2008兲.
5 Z.-A. Ren, J. Yang, W. Lu, W. Yi, X.-L. Shen, Z.-C. Li, G.-C.
Che, X. L. Dong, L.-L. Sun, F. Zhou, and Z.-X. Zhao, EPL 82,
57002 共2008兲.
6 X. H. Chen, T. Wu, G. Wu, R. H. Liu, H. Chen, and D. F. Fang,
Nature 共London兲 453, 761 共2008兲.
7 Z. Ren, W. Lu, J. Yang, W. Yi, X. L. Shen, Z. C. Li, G. C. Che,
X. L. Dong, L. L. Sun, F. Zhou, and Z. X. Zhao, Chin. Phys.
Lett. 25, 2215 共2008兲.
8 M. Rotter, M. Tegel, D. Johrendt, I. Schellenberg, W. Hermes,
and R. Pottgen, Phys. Rev. B 78, 020503共R兲 共2008兲.
9 M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett. 101,
107006 共2008兲.
10 X. C. Wang, Q. Q. Liu, Y. X. Lv, W. B. Gao, L. X. Yang, R. C.
Yu, F. Y. Li, and C. Q. Jin, Solid State Commun. 148, 538
共2008兲.
11
M. J. Pitcher, D. R. Parker, P. Adamson, S. J. C. Herkelrath, A.
T. Boothroyd, R. M. Ibberson, M. Brunelli, and S. J. Clarke,
Chem. Commun. 共Cambridge兲 2008, 5918.
12 J. H. Tapp, Z. Tang, B. Lv, K. Sasmal, B. Lorenz, P. C. W. Chu,
and A. M. Guloy, Phys. Rev. B 78, 060505共R兲 共2008兲.
13
F.-C. Hsu et al., Proc. Natl. Acad. Sci. U.S.A. 105, 14262
共2008兲.
14
K.-W. Yeh et al., EPL 84, 37002 共2008兲.
15 S. Lebègue, Phys. Rev. B 75, 035110 共2007兲.
16
D. J. Singh and M. H. Du, Phys. Rev. Lett. 100, 237003 共2008兲.
17 K. Haule, J. H. Shim, and G. Kotliar, Phys. Rev. Lett. 100,
226402 共2008兲.
18 G. Xu, W. Ming, Y. Yao, X. Dai, S.-C. Zhang, and Z. Fang, EPL
82, 67002 共2008兲.
19 L. Boeri, O. V. Dolgov, and A. A. Golubov, Phys. Rev. Lett.
101, 026403 共2008兲.
20 I. A. Nekrasov, Z. V. Pchelkina, and M. V. Sadovskii, JETP Lett.
88, 144 共2008兲.
21 I. A. Nekrasov, Z. V. Pchelkina, and M. V. Sadovskii, JETP Lett.
88, 543 共2008兲.
22 A. Subedi, L. Zhang, D. J. Singh, and M. H. Du, Phys. Rev. B
78, 134514 共2008兲.
23 F. Ma, W. Ji, J. Hu, Z.-Y. Lu, and T. Xiang, Phys. Rev. Lett. 102,

ACKNOWLEDGMENTS

The authors thank M. Yoshizawa, M. Sato, H. Kontani, S.
Onari, T. Nomura, H. Ikeda, K. Kuroki and Y. Yanase for
useful comments and discussions. This work was partially
supported by the Grant-in-Aid for Scientific Research and
also by the JSPS Fellows Grants No.21–6594and No. 22–
8290 from the Ministry of Education, Culture, Sports, Science and Technology.

177003 共2009兲.
H. Ding et al., EPL 83, 47001 共2008兲.
25 D. H. Lu et al., Nature 共London兲 455, 81 共2008兲.
26 M. Yi et al., Phys. Rev. B 80, 024515 共2009兲.
27 C. de la Cruz et al., Nature 共London兲 453, 899 共2008兲.
28 K. Matano, Z. A. Ren, X. L. Dong, L. L. Sun, Z. X. Zhao, and G.
Q. Zheng, EPL 83, 57001 共2008兲.
29
A. Kawabata, S. C. Lee, T. Moyoshi, Y. Kobayashi, and M. Sato,
J. Phys. Soc. Jpn. 77, 103704 共2008兲.
30 K. Hashimoto et al., Phys. Rev. Lett. 102, 017002 共2009兲.
31
C. Mu, X. Y. Zhu, L. Fang, L. Shan, C. Ren, and H. H. Wen,
Chin. Phys. Lett. 25, 2221 共2008兲.
32
A. Karkin, J. Werner, G. Behr, and B. Goshchitskii,
arXiv:0904.1634 共unpublished兲.
33
Y. Nakai, K. Ishida, Y. Kamihara, M. Hirano, and H. Hosono, J.
Phys. Soc. Jpn. 77, 073701 共2008兲.
34 Y. Kobayashi, A. Kawabata, S. C. Lee, and M. S. T. Moyoshi, J.
Phys. Soc. Jpn. 78, 073704 共2009兲.
35 Q. Huang, Y. Qiu, W. Bao, M. A. Green, J. W. Lynn, Y. C.
Gasparovic, T. Wu, G. Wu, and X. H. Chen, Phys. Rev. Lett.
101, 257003 共2008兲.
36 A. S. Sefat, R. Jin, M. A. McGuire, B. C. Sales, D. J. Singh, and
D. Mandrus, Phys. Rev. Lett. 101, 117004 共2008兲.
37
M. Yashima, H. Nishimura, H. Mukuda, Y. Kitaoka, K.
Miyazawa, P. M. Shirage, K. Kihou, H. Kito, H. Eisaki, and A.
Iyo, J. Phys. Soc. Jpn. 78, 103702 共2009兲.
38 K. Hashimoto et al., Phys. Rev. Lett. 102, 207001 共2009兲.
39
H. Liu et al., Phys. Rev. B 78, 184514 共2008兲.
40
T. Kondo et al., Phys. Rev. Lett. 101, 147003 共2008兲.
41 S. Jiang, H. Xing, G. Xuan, C. Wang, C. F. Z. Ren, J. D. Z. Xu,
and G. Cao, J. Phys.: Condens. Matter 21, 382203 共2009兲.
42 K. Hashimoto, M. Yamashita, S. Kasahara, Y. Senshu, N. Nakata, S. Tonegawa, K. Ikada, A. Serafin, A. Carrington, T.
Terashima, H. Ikeda, T. Shibauchi, and Y. Matsuda, Phys. Rev.
B 81, 220501共R兲 共2010兲.
43 Y. Nakai, T. Iye, S. Kitagawa, K. Ishida, S. Kasahara, T. Shibauchi, Y. Matsuda, and T. Terashima, Phys. Rev. B 81, 020503共R兲
共2010兲.
44
M. H. Fang, H. M. Pham, B. Qian, T. J. Liu, E. K. Vehstedt, Y.
Liu, L. Spinu, and Z. Q. Mao, Phys. Rev. B 78, 224503 共2008兲.
45 W. Bao et al., Phys. Rev. Lett. 102, 247001 共2009兲.
46 J. K. Dong, T. Y. Guan, S. Y. Zhou, X. Qiu, L. Ding, C. Zhang,
U. Patel, Z. L. Xiao, and S. Y. Li, Phys. Rev. B 80, 024518
共2009兲.
47
I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, Phys.
Rev. Lett. 101, 057003 共2008兲.
24

064518-9

PHYSICAL REVIEW B 82, 064518 共2010兲

YANAGI et al.
48

K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani,
and H. Aoki, Phys. Rev. Lett. 101, 087004 共2008兲.
49
K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani,
and H. Aoki, New J. Phys. 11, 025017 共2009兲.
50 K. Kuroki, H. Usui, S. Onari, R. Arita, and H. Aoki, Phys. Rev.
B 79, 224511 共2009兲.
51
T. Nomura, J. Phys. Soc. Jpn. 78, 034716 共2009兲.
52 H. Ikeda, J. Phys. Soc. Jpn. 77, 123707 共2008兲.
53 H. Ikeda, R. Arita, and J. Kuneš, Phys. Rev. B 81, 054502
共2010兲.
54 F. Wang, H. Zhai, Y. Ran, A. Vishwanath, and D. H. Lee, Phys.
Rev. Lett. 102, 047005 共2009兲.
55
S. Graser, T. A. Maier, P. J. Hirschfeld, and D. J. Scalapino, New
J. Phys. 11, 025016 共2009兲.
56 T. A. Maier, S. Graser, D. J. Scalapino, and P. J. Hirschfeld,
Phys. Rev. B 79, 224510 共2009兲.
57 Z. J. Yao, J. X. Li, and Z. D. Wang, New J. Phys. 11, 025009
共2009兲.
58
T. D. Stanescu, V. Galitski, and S. Das Sarma, Phys. Rev. B 78,
195114 共2008兲.
59 V. Cvetkovic and Z. Tesanovic, EPL 85, 37002 共2009兲.
60 Y. Yanagi, Y. Yamakawa, and Y. Ōno, J. Phys. Soc. Jpn. Suppl. C
77, 149 共2008兲.
61 Y. Yanagi, Y. Yamakawa, and Y. Ōno, J. Phys. Soc. Jpn. 77,
123701 共2008兲.
62 Y. Yanagi, Y. Yamakawa, and Y. Ōno, Physica C 共to be published兲.
63 K. Seo, B. A. Bernevig, and J. Hu, Phys. Rev. Lett. 101, 206404
共2008兲.
64 K. Sano and Y. Ōno, J. Phys. Soc. Jpn. 78, 124706 共2009兲.
65
S. Onari and H. Kontani, Phys. Rev. Lett. 103, 177001 共2009兲.
66 Y. Yanagi, Y. Yamakawa, and Y. Ōno, Phys. Rev. B 81, 054518
共2010兲.
67 M. Rahlenbeck, G. L. Sun, D. L. Sun, C. T. Lin, B. Keimer, and
C. Ulrich, Phys. Rev. B 80, 064509 共2009兲.

H. Kontani and S. Onari, Phys. Rev. Lett. 104, 157001 共2010兲.
Vildosola, L. Pourovskii, R. Arita, S. Biermann, and A.
Georges, Phys. Rev. B 78, 064518 共2008兲.
70 K. Nakamura, R. Arita, and M. Imada, J. Phys. Soc. Jpn. 77,
093711 共2008兲.
71
T. Miyake, K. Nakamura, R. Arita, and M. Imada, J. Phys. Soc.
Jpn. 79, 044705 共2010兲.
72 Y. Yamakawa, Y. Yanagi, and Y. Ōno 共unpublished兲.
73 T. Takimoto, T. Hotta, and K. Ueda, Phys. Rev. B 69, 104504
共2004兲.
74 M. Mochizuki, Y. Yanase, and M. Ogata, Phys. Rev. Lett. 94,
147005 共2005兲.
75
K. Yada and H. Kontani, J. Phys. Soc. Jpn. 74, 2161 共2005兲.
76 A. B. Migdal, Sov. Phys. JETP 7, 996 共1958兲.
77 J. P. Hague and N. d’Ambrumenil, J. Low Temp. Phys. 151,
1149 共2008兲.
78 S. C. Zhao et al., Supercond. Sci. Technol. 22, 015017 共2009兲.
79
P. B. Littlewood, C. M. Varma, and E. Abrahams, Phys. Rev.
Lett. 63, 2602 共1989兲.
80 D. S. Hirashima, Y. Ōno, T. Matsuura, and Y. Kuroda, J. Phys.
Soc. Jpn. 61, 649 共1992兲.
81 A. F. Kemper, C. Cao, P. J. Hirschfeld, and H.-P. Cheng, Phys.
Rev. B 80, 104511 共2009兲.
82 R. Fernandes, L. VanBebber, S. Bhattacharya, P. Chandra, V.
Keppens, D. Mandrus, M. McGuire, B. Sales, A. Sefat, and J.
Schmalian, arXiv:0911.3084 共unpublished兲.
83 M. Yoshizawa 共private communication兲.
84 T. Nakano, N. Fujiwara, K. Tatsumi, H. Okada, H. Takahashi, Y.
Kamihara, M. Hirano, and H. Hosono, Phys. Rev. B 81,
100510共R兲 共2010兲.
85
Y. Matsuda 共private communication兲.
86 T. Shimojima 共private communication兲.
87
T. Kariyado and M. Ogata, J. Phys. Soc. Jpn. 79, 033703 共2010兲.
88 S. L. Bud’ko, N. Ni, S. Nandi, G. M. Schmiedeshoff, and P. C.
Canfield, Phys. Rev. B 79, 054525 共2009兲.
68

69 V.

064518-10

