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The five-orbital Hubbard model for iron-based superconductors is investigated by using the dynamical mean-field
theory combined with the Eliashberg equation to clarify the local correlation effects on the electronic states and the
superconductivity. In the specific case where the antiferromagnetic (AMF) and the antiferro-orbital (AFO) fluctuations
are comparably enhanced, the orbital dependence of the vertex function becomes significantly large while that of the
self-energy is small, in contrast to the AFM fluctuation-dominated case where the vertex function (the self-energy) shows
small (large) orbital dependence. The orbital-dependent vertex function together with the nesting between the inner and
outer hole Fermi surfaces results in the enhancement of the inter-orbital ferromagnetic (FM) fluctuation in addition to the
AFM and AFO fluctuations. In this case, the hale-wave pairing with the sign change of the two hole Fermi surfaces
is mediated by the coexisting three fluctuations as expected to be observed in a specific compound LiFeAs.
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1. Introduction ationt® by taking into account of the orbital polarization in-

Since the discovery of superconductivity with high tranferaction which is derived from the significant orbital depen-
sition temperature in LaFeAsO,F,,) numerous investiga- dence of the intersité-p Coulomb integrals and is considered

tions have been carried out for the iron-based supercondd@-Pe crucial in explaining the recent observation of strong
tors categorized into four families: the 1111 system such &9UPling of Fe and As orbital polarizations observed in the
LaFeAsO, the 122 system such as Bak®, the 111 sys- electron diffraction experimenf) In this mechanism, the FO

tem such as LiFeAs and the 11 system such as E&3dost fluctuation mediates the-wave pairing within each of the

of the 1111 and the 122 systems show the stripe-type aplectron and the hole FSs almost independently of each other,

tiferromagnetic (AFM) transition al’y and the tetragonal- while the AFM fluctuation causes the pair scattering between
orthorhombic structural transition 4t just aboveTy. Cor- the electron and hole FSs resulting in the-wave pairing.

respondingly, the AFM fluctuation diverges towatts and Ther_1, the AFM and F_O_ fluctua_ltions cooperatively enhance
the ferro-orbital (FO) fluctuation responsible for the softenind - Without any competition by virtue of the-space segrega-
of the elastic constarttss*® diverges towardg,. Therefore, UON of the two fluctuations. By considering the suitable inter-

the AFM and the FO fluctuations have been discussed as ke d-» Coulomb integrals which are large for th?,:,;,l system
ingredients for the pairing mechanisms. FéSe relative to for the 1111 and the 122 systéthwe can

Theoretically, the AFM fluctuation fog ~ (r,0) corre- reproduce the phase diagram of FeSe under the pregsure

sponding to the nesting wave vector between electron afifieréZs monotonically decreases with increasifigwhile

hole Fermi surfaces (FSs) was found to be enhanced by the Which is absent for the ambient pressure becomes finite
onsite Coulomb interaction between Eelectrons and medi- nd increases with increasing,'® together with the phase

ates thes.-wave pairing where the gap function changes itdi2grams of the 1111 and the 122 systems where the’foth
sign between the electron and the hole E850n the other andTn (< Ts) decrease with increasing the carrier doping.
hand, the FO fluctuation was found to be enhanced by the N contrast to the systems mentioned above, the 111 system

electron-phonon interacti®hand/or the mode-couplin; 1V LiFeAs shows the superconductivity without any structural
where the antiferro-orbital (AFO) fluctuation fgr ~ (rr,0) transitions and magnetic ordéf® . The absence of the struc-

was also enhanced due to the nesting as similar to the AFpral transition accompanied by the elastic softening seems to
fluctuation®® When the AFO fluctuation overcomes theP€ consistent with the above mentioned FO fluctuation mech-
AFM fluctuation, thes,.-wave pairing without the sign anism since the Ag-orbital weights on the FSs for LiFeAs

change of the gap function was found to be realized with th%b_tained from the first-principles band calculations are cer-
help of the FO fluctuatiofi:*® At the moment it is not clear tainly smaller than those for the other systems exhibiting

which fluctuation is dominant, since the AFO fluctuation haf'€ Structural transitions. Although the magnetic order is ab-
not been explicitly observed in experiments so'fain ei- sent, the incommensurate magnetic fluctuation nearly to the
ther case, the AFM and the AFO fluctuations for the sgme AFM One was observed by the inelastic neutron scattering
[l H 0,21 i 1 -
compete with each other resulting in suppression of the sup&XPeriments, ) which is well accounted for by the nest
conducting transition temperatufe as compared to the case!nd Petween the hole and the electron FSs observed by the
with either fluctuation alone. angle-resolved photoemission spectroscopy (ARPES) exper-
Recently, we have proposed another mechanism of the dggent??) In addition, the FM fluctuation was also observed

fluctuation enhancement without enhancing the AFO fluctY thexSR measurem'eﬁf.) The recent NMR experiment re-
vealed the FM fluctuation also for the 122 systems over a wide
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(a) ‘ (b) ,

doping rang&® Therefore, the existence of the FM fluctua- —_ hole FS3 s , \ ]
tion may be a common feature of the iron-based superconduc- * ) \': 1 %/’ ’*'Q
tors as predicted from the first-principles band calculatfn. ~ s VS :

As a possible pairing symmetry of LiFeAs, the spin-triplet =< = \—fl&//
p-wave state with the nodes of the gap function on the hole N s o '\ e
FS mediated by the FM fluctuation was proposed on the basis °| '\‘J‘,, C ) ] 1'; L
of the effective three-orbital Hubbard model, where the FM ol s omrer) electron TS N \/ ]
fluctuation is largely enhanced relative to the AFM one be- ok B r X M r
cause of the bad nesting between the hole and the electron FSs) ' (d
together with the flatness of the hole band top which yields [}, Fs1 "[hole FS2
the large density of states near the Fermi level responsible for
the Stoner enhancement of the magnetic susceptibflit. = B TN
more realistic five-orbital Hubbard model for LiFeAs was in- =)
vestigated by using the dynamical mean-field theory (DMFT) & =
which includes the local correlation effects sufficiently and
was found to show the orbital antiphasg-wave pairing me- —<
diated by the AFM fluctuation observed to be much larger | ————— —— [—

than the FM one, in which the gap function changes its sign  ° 0 w2
between the hole FSs and has nodes on the electron FSs due tﬁf)
the strong repulsion between thg, , ., andd,, orbitals?” hole FS3

In addition, several authors have proposed the hglavave
pairing with the sign change between the hole FSs withoutany _
nodes mediated by the AFM fluctuations wigh~ (7, ) in &
addition tog ~ (7, 0)?® and by the AFO fluctuation whichis 2
enhanced comparably to the AFM one by taking into account
of the electron-phonon interaction or the mode-coupling ef-

fect?9 - _
In our previous work? the five-orbital Hubbard model for o *
iron-based superconductors was studied by using the DMFT ®d,, ®dy dy, @dyy @dy

combined with the Eliashberg equation in which the effec- . _ _ _
tive pairing interaction mediated by the spin, charge and ofi9- 1. (Color online) (a) The FSs of the five-orbital model (b) The disper-
bital fluctuati btained f th ' di DMFfon of the band structure. (c)-(f) The weightsdodrbitals on the FSs, where

ta UC, u,?‘_lons ar? obtained irom the corre;por_n Ing he horizontal axis i$ = tan~!(ky/kz). We set the F&d orbitals as fol-
suscept.|b|llt|es. to discuss the supercqnductwny in the SUONGus: (1) ds 2 g2 (red), (2)dzx (green), @)y z (cyan), (A)dxz_y2
correlation regime where the magnetic and/or the orbital ofslue) and (5x.xy (pink).
ders take place. It was found that the-wave pairing is re-
alized forU > U’ where the magnetic fluctuation dominates
over the orbital one, while the, , -wave pairing is realized
for U < U’ where the orbital fluctuation dominates over the . .

. o . electron-phonon interaction.

magnetic one. All of the critical interactions towards the mag-
netic, orbital and superconducting instabilities are suppressged Model and Formulation
as cpmpared with the results from the r_andom phase aPPrOX-r1 6 five-orbital Hubbard model for iron-pnictides is given
imation (RPA), but thes, , -wave phase is largely expandedb the followina Hamiltonian
as compared with the RPA result in contrast to ¢he -wave y 9 '

phase which is reduced due to the different renormalization H = Hy + Hiy, (1)
effects between the spin and the charge-orbital vertices. here the kinetic parfl, is determined so as to reproduce

In this paper, we investigate the five-orbital Hubbard mod ) S X
for iron-based superconductors by using the DMFT, esp:t-'e first-principles band structure and its FSs for LaFe#50

cially focusing on the specific case with ~ U’ where the as shown in Fig. 1, where the weights of orbitals on the FSs

AFM and the AFO fluctuations are comparably enhance&re also plotted. !n €qa. (1.)’ the C.oulomb |nt.erac.:t|on_[6ﬂ5§

. L X ... -includes the multi-orbital interaction on Fe sites: the intra- and
Then, we discuss the pairing symmetry in the case with tr}ﬁter—orbital direct term$/ andU’, the Hund’s rule couplin
cooperating AFM and AFO fluctuations as expected to b ' pling

: , ) iy
realized in LiFeAS® Although the case witt/ ~ U’ is 7 and the pair transfer’, and is explicitly given by

isti ion i - 1
not realistic, the AFO fluctuatlor_1 is knoyvn to be Iargely en Hy, = *UZ Z Z djggd;rg&diéﬁdifa
hanced by the electron-phonon interaction and possibly dom- 2

% { o#5
inates over the AFM one even for the realistic case with ?
U > U".31'32) In fact, a kink structure of the single-particle + Loy % Zdz/adTi g dige
dispersion around thE point is observed experimentally in 2 Aoy S e
LiFeAs and is considered due to the effect of the strong
electron—phonon couplingy) Th_us, we expect that the. present + 1(] Z Z Z d:ﬂgdqu/diw,d%
results withU ~ U’ are realized also for the realistic pa- 2 4 Py

rameter withU > U’ by taking into account of the suitable

2
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+ %J’ SN dlydlsdisdig,,  (2)  and them,(q) [oe(q)] is called spin (charge-orbital) Stoner

i (40 0FT factor. After convergence of the DMFT self-consistent loop,
the quantityy ) (iw,) in €q. (4) is obtained by means of con-
tinued fraction algorithni®)

The effective pairing interaction mediated by the spin
and charge-orbital fluctuations is written by using the spin
(charge-orbital) susceptibility in eq. (3) and the spin (charge-
orbital) vertex in eq. (4), and is explicitly given for the spin-
eqinglet state as

whered,;, is the annihilation operator for F&i electrons
with spin ¢ in the orbital¢ at the sitei. In the present pa-
per, we setlzz2_g2,dzx,dyz,dx2_y2, anddxy orbitals
as 1,2,3,4 and 5, where y axes X, Y axes) are along the
nearest Fe-Fe (Fe-As) directions.

To solve the model eq. (1), we use the DMfTin which
the lattice model is mapped onto impurity Anderson mod

embedded in an effective medium that may be described P & A & s

. . = 7]?9 n s Fs n) 7Fc n - Fc n
the frequency dependent effective action. In the actual cal- (a) 2 (i) Xs (@)U’ (ieon) 2 (i) Xe(@)T e (iwn)
culations with the DMFT, we solve the effective five-orbital 1 /4 .
. ; : . + = (10 L 10O (5)
impurity Anderson model, where the Coulomb interaction at 9 \"s ¢

the impurity site is given by the same form &k, with a ) ) . . (0)
site 4, and the kinetic energy responsible for the bare impyVith the bare spin (charge-orbital) vertek, . Jeeee = U(U),
rity Green’s functionG in the 5 x 5 matrix representation [fi?l)]ww = U'(-U" + 2J), [fi‘zl)}m,[, = JQU' - J)
is determined so as to satisfy the self-consistency conditi%{?1d [1;(0) Jowee = J'(J'), wheret’ # ¢ and the other matrix
?s pof_ssfible.. Weluse the exapt diqgonallization E)ED.) rEetlh% emeﬁ% {aérééo. Substit’uting the effective pairing interaction
or a finite-size cluster as an impurity solver to obtain the lo- . . . : S
cal quantities such as the self-enetgyTo avoid CPU-time In €q. (5) into the linearized Eliashberg equation:
consuming calculation, we employ the clusters with the site Ay (k) = T Z Z Vi v (k — )
numberN, = 4 within a restricted Hilbert space, as used in N 1

our previous papet?) where we approximate the clusters with

those ofdsz2_ g2 anddxy orbital by Ny = 2 since the two X Gyt (=) Aty ()G, (), (6)

orbitals are far from the Fermi energy in contrast to the anye optain the gap functiom\; (k) with the eigenvalue\
other three orbitals. We have confirmed that the resug%s) Witllhich becomes unity at the superconducting transition tem-
N = 4 are qualitatively consistent with those wity, = 2°%  serairer = 7., To solve eq. (6), we neglect the frequency
and quantitatively improved especially for the '”termed'ataependence of the verteﬁg( ) (iwy) ~ P (o) (iw, = 0) for
interaction regime. Moreover, the studies by the slave-spiyyjicity of the numerical calculations but the effect of the

ol B7-39 i i
mean f_|e|oe,. ) the slave-boson mean field (G“,tZW'”@). frequency dependence will be discussed later. We note that,
approximations, and also the DMFT with the contlnuous-tlmgq_ (6) yields the RPA result af;;: (k) when we replacé ©

uantum Monte Carlo method (CT-QME)give asimilarre- - o . .
d (CT-QME)g fth I'(” and neglect:, and then, is a straightforward ex-

sults over our approach. Then, we expect that the present ¢ . f the RPA to include th ; dth if
culation is sufficiently accurate at least up to the intermedia{gnSIOn otthe 0 Inciuge the vertex and the seli-energy

; - 0
regime. corrections within the DMFF

Within the DMFT, the spin (charge-orbital) susceptibility éll(if)alculatlonsdgre tpetrrl:ormeddfor t:e egc;g%nogu\Tber
is given in the25 x 25 matrix representation as n = 0.1 corresponding to the non-doped cas e

except for the ED calculation in the impurity Anderson model

k' lylalsly

~ —1
Cale = 1= (P R0(q)D s (i 2o(q), 3y Where we calculate the self-energy At = 0 as the ex-
Xo(e)(0) (Fho(@Ts(e( )} Xo(@) ®) plicit T-dependence is expected to be small at low temper-
with Xo(q) = —(T/N) Y, G(k + q)G(k), whereG (k) = atureT” = 0.02eV in the intermediate correlation regime with

Z 2 0.5. We use32 x 32 k-point meshes and 1024 Matsubara
frequencies in the numerical calculations with the fast Fourier
transformation. Here and hereafter, we measure the energy in
units of eV.

[(iem + 1) — Ho(k) — S(ie,,)] " is the lattice Green’s func-
tion, Hy(k) is the kinetic part of the Hamiltonian with the
wave vectork, S(ie,,) is the lattice self-energy, which co-
incides with the impurity self-energy obtained in impurity
Anderson model, and = (k,icn), ¢ = (g,iwy). Here,
Em = (2m+1)7T andw,, = 2n7T are fermionic and bosonic

Matsubara frequencies. In eq. (ﬁ‘)s,(c)(iwn) is the local irre- . . ; . .
ducible spin (charge-orbital) vertex function in which only thd?Y USing the DMFT combined with the Eliashberg equation
:as mentioned in Sec. 2, and found that thewave pair-

external frequencyy,) dependence is considered as a simpli£~ . ) , . .
fied approximatio??? and is explicitly given by ing is realized forU > U’ where the magnetic fluctuation

dominates over the orbital one, while the -wave pairing

3. Numerical Results
In the previous papéef) we investigated the model eq. (1)

o) (iwn) = —(+) [X;(i) (iwn) — Xo *(iwn) | (4) s realized forU < U’ where the orbital fluctuation domi-
R R nates over the magnetic one. In the present paper, we focus
with Xo(iw,) = =T . G(iem + iw,)G(icy), where on the typical parameter withi ~ U’ and varyU with keep-

Xs(e)(iwy) is the local part of spin (charge-orbital) sus-ingU = U’ —0.2andJ = J’ = 0.15 to simulate the specific
ceptibility. When the largest eigenvalue,(q) [a.(q)] of case where the magnetic and the orbital fluctuations are com-
(—))Zo(q)fs(c)(iwn) in eq. (3) for a wave vectog with parably enhanced in the intermediate regior/of>- U’ and

1w, = 0 reaches unity, the instability towards the magneti&/ < U’.

(charge-orbital) order with the correspondiggakes place,
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Fig. 2. (Color online) The renormalization factoZZ, with ¢
dsgz2_p2,dzx,dyz,dx2_y2, anddxy as functions ofU with U
U’ -0.2,J =0.15andJ = J’ forn = 6.0 andT = 0.02.

3.1 Renormalization factor

First, we discuss the self-energy correction. Figure 2 shows

-1 . . . . . .
the renormalization factaf, — [1 _dZ(e) } for or- Fig. 3. (Color online) The spin vertex _functlons for the orbital-diagonal
) ) ) d(e) le—0 components™s, ,, (a) and the orbital-off-diagonal componeiits,, ,,, (b) as

bital £ as functions ofU. Z, is almost independent dfand functions ofU. The bare vertices are also plotted by thin-dot lines.

gradually decreases with increasibg As previously dis-
cussed by several authois?344the orbital dependence of
Z, becomes large in the case with latand/orU/U’, where

the magnetic fluctuation is dominated over the orbital one aqu forf = X2 — Y2, ZX/Y Z with the large orbital weights

the orbital selective Mott transition in which, with a spe- at the FSs may result in the suppression of the magnetic or-

C|f|c_€ exclusively becomes zero may occur. More generall)éer due to the correlation effect which will be discussed in the
the imbalance between the magnetic and the orbital fluctu-

) X . " : . r]ext subsection.
ations is considered to be critical for enhancing the orbital . . .
. . In contrast to the spin vertex, the orbital-diagonal compo-
dependence of/,. Actually, the exclusively small, with nents of the charae vert becomes laraer than the cor-
¢ = X2 — Y? was found for the both sides of the mag- 9 ee 9

. ~(0 . .
netic fluctuation-dominated case with> U’ and the orbital €Sponding bare vertdk; ?]ZW = U as shown in Fig. 4 (a),
fluctuation-dominated case with < U’ 3% This is a striking resulting in the suppression of the charge susceptibility due
contrast to the present case with~ U’ where the magnetic © the correlation effect. On the other hands, the orbital-off-

and the orbital fluctuations compete with each other resultirfj29onal components of the charge vertgy,,, are reduced
in the almost orbital-independeft as shown in Fig. 2. as shown in Fig. 4 (b), resulting in the suppression of the or-
bital order due to the correlation effect which is similar to that

of the magnetic order but is relatively smaller than the latter
s explicitly shown in the next subsection.

The opposite renormalization effects between the spin and
the charge vertices were previously discussed in the single-
orbital Hubbard model on the basis of the DM®Tand the
self-consistent fluctuation thedf with including the corre-

: 2 (0) lation effects beyond the RPA, where ones found that<

ing non-zero components of the bare Vert'ﬁégc)]wf and () < T, resulting in the suppression of both the spin and

[fioi)]ewef defined in the text below eq.(5). the charge susceptibilities as consistent with the present re-
igures 3 (a) and (b) show the spin vertex functidyjg, sults for the orbital-diagonal components of the spin and the

andT;,,. for various? and/'(+ /) together with the corre- charge-orbital vertices. The orbital-off-diagonal components

sponding bare vertice[ﬂo)]mg U and[fgo)][,g/w — p, as well as the orbital dependence of the vertices, however,

respectively. We find thak', is strongly renormalized ag  could not considered in the single-orbital model and are firstly

increases due to the correlation effect and shows the signiiiScussed in the present paper. We note that the large orbital
cant orbital dependence. As shown in Fig. 3 (a), the orbitafléPendence of the vertex [see Figs. 3 and 4] together with the
diagonal components;,,, for ¢ = X2 — Y2, ZX/Y Z are small qrbltal depgndence of the renormalization factor [see
largely reduced while those fof = XVY,372 — R? are Fig. 2] is a specific feature of the present case with- U’

less reduced. This is considered due to the difference in tHdere the AFM and the AFO fluctuations are comparablly en-
weights of eachd orbital at the FSs: those are large for@nced. This is a striking contrast to the case With> U
(= X2-Y?, ZX/Y Z while smallfor{ = XY,32%—R?, as (U < U’) where the AFM (AFO) fluctuation dominates over

shown in Figs. 1 (c)-(f). The strong reduction of the spin verthe AFO (AFM) one and the small orbital dependence of the
vertex together with the large orbital dependence of the renor-

3.2 Vertex function

Next, we discuss the spin and charge-orbital irreducib
vertex functions with the lowest Matsubara frequengy =
0, FZEZ&;& = Dy (iwn = 0)]ee050,, Where the orbital-
diagonal components;,,, and the orbital-off-diagonal com-
ponentsl's, ,,, (¢ # ¢') are compared with the correspond-
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Fig. 4. (Color online) The charge-orbital vertex functions for the orbital- 3 4 5
diagonal component¥'¢,,, (a) and the orbital-off-diagonal components U
I'G,1 40 (D) as functions oUU. The bare vertices are also plotted by thin-dot

lines. Fig. 5. (Color online) U-dependence of the spin and the charge-orbital

Stoner factorsxs(q) (a) andac(q) (b) for severalg, which reach unity
towards the magnetic and the charge-orbital instabiliﬁl{gM is the criti-
cal value towards the FM instability and is slightly smaller than the critical

. . . . alues towards the AFM and AFO instabilities.
malization factor responsible for the orbital selective Mot

transition in the strong correlation regime is obser¥d.

3.3 Spin and charge-orbital Stoner factors vertex QfFM T o FM ( AFO T o FO

Figures. 5 (a) and (b) show tli&-dependence of the spin ((')) orb_talbzrzraged 1-10880 064326 0-07326 0-05325
. I Ital-av . . . .
and the charge-orbital Stoner factars(q) and a.(q), re- (i) full DMET 1000 1003 1001  0.863

spectively, for the wave vectotg= (r,0), (0,0) and(m, 7).
The critical value towards the magnetic instability is found tgpe |. Spin and charge-orbital Stoner facters(q) anda.(q) for g =

beU. ~ 4.9 and is largely suppressed as compared with the o) andq = (0,0), in the cases with (i) the bare vertéy ) ~ fi?i),
RPA reSUItUBPA ~ 0.8 due to the self-energy and the ver-j the orbital-averaged verteK .y ~ (I'y(,)) and (ii) the full DMFT
tex corrections within the DMFT. For smadll, the stripe-type vertexI", ), where we set i/ = 0.76, (i) U = 2.66 and (iii) U = 5.05
AFM and AFO fluctuations withy = (7,0) are dominant s as to fixaAF™ = 1 for all cases.
over the other fluctuations. However, wh&hincreases, the
FM fluctuation withq = (0,0) becomes competitive with the
AFM and AFO fluctuations, and finally overcomes just below

. where the FM instability tak lace. The FM fluctuation
(Ijﬁginzftees frgm they ia(%’ 03; na:e:tisng gg?weer? the inlrjlzrl_ﬁo|oeclusively enhanced similgr to the case with the RPA. (ii) When
FS1 with the largeZX/Y Z orbital weights [see Fig.1 (c)] V€ aVerage over the orbital 85 ~ {I's()), the AFO fluc-
and the outer-hole FS2 with the larg&y” orbital weight [see “%a“on IS enhancgd cpmparably to the AFM one due to the
Fig.1 (d)], and is enhanced by the inter-orbital Coulomb ingin‘ferent renormalization between the spin and the charge-

teraction betwee X/Y Z and XY orbitals. This enhance- orbital vertices, but the enhancement of the FM fluctuation
ment becomes significant for large as the renormalization is relatively small as the orbital dependence of the spin vertex

of the d;xy z-dxy orbital-off-diagonal spin vertex is rela- which is crucial for the FM fluctuation enhancement as men-
tively smaller than that of thex:_y anddyx,y; orbital- tiongd apove is neglected. (iii) When we use the full DMFT
diagonal spin (charge-orbital) vertices [see Figs. 3 and ypriicesl's(c), the AFM, FM and _AFO fluctuations are com-
which enhance the AFM (AFO) fluctuation as shown in th arably enhanced due to the orbital dependence of the vertices
next subsection together with the different renormalization between the spin

To clarify the effects of the vertex corrections on the mag;-ind the charge-orbital vertices.
netic and the orbital fluctuations more explicitly, we estimat L . S .

4 Susceptibility and effective pairing interaction

the spin and charge-orbital Stoner factors with the use of the ™ ] }

approximate vertex in stead of the full DMFT vertgy,,, in Figures 6 (a) and (b) show the orbital-diagonal and the

eq. (3) as follows (see Table I): (i) When we approximatel;?rb'tal'()ﬁ'd'agonal components of the spin susceptibility
Y andx; ,,,.,.., as functions of the wave vectgrwith

use the bare verteR, ., ~ fi?l), the AFM fluctuation is ex- X¢.¢m.m

5
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@ (b)

the lowest Matsubara frequengy,, = 0 for U = 4.5 where I § 2222 1 I 24241 —— 1
the spin Stoner factor is, = 0.958. The dx=_y- intra- . 3r ﬁﬁ ] . 3 42124212 ]
orbital spin susceptibilityj ,., 4 is largely enhanced around £ 2t |t 2oa4 J E 2 Ih a
q ~ (m,0) [see Fig. 6 (a)] due to the effect of the intra-orbital ol Sl 1 o L Ip\ ]
nesting between the hole FS3 and the electron FS, where the' 17777 %, oeodem 7 i I RN
weights of thed x=_y2> component are large in the both FSs /\ """"""" ] I

as shown in Fig. 1 (e) and (f). Then, thg-_y= orbital is Us - o ]

mainly responsible for the spin susceptibilXy, .., X7 ¢, r X M r r X M r
aroundg ~ (,0). Note that the inter-orbital spin suscepti-

bility x5 4.5 4 is also enhanced fay ~ (,0) [see Fig. 6 (b)] d
due to the effect of the inter-orbitad £ x /v z-d x> _y=) nest- © r ] (d)

ing between the hole FS2 and the electron FS. oL g", 24242121 ] I 1144 _ d
In addition to the intra- and inter-orbital spin susceptibil- = | a1 5‘2424 — ] 20r 2424) —-— ']

ities with ¢ ~ (7,0), the inter-orbital spin susceptibility = | . 12505
X5 5.2,5 @roundg ~ (0, 0) is largely enhanced due to the inter- s I .‘
orbital (dzx /v z-dxy) nesting between the inner (FS1) and o | 2
the outer (FS2) hole FSs as shown in Fig.6 (b). As mentioned I ]
before, the orbital-dependent spin vertex with relatively large 0 0
value of thed ; x/y z-dxy orbital-off-diagonal component is r X M T r X M T
crucial for the FM fluctuation enhancement, that is a remark-
able correlation effect beyond the RPA. Fig. 6. (Color online) The orbital-diagonal and the orbital-off-diagonal
Figure 6 (c) shows the several components of the chargg@mponents of the spin susceptibily ,.,,, ,, (&) andxg .., ., (0), the

. - . . _“several components of the charge-orbital susceptibifityc) and the several
orbital suscepublllty as functions Qj with the lowest Mat components of the pairing interactidn (d) as functions ofy with the low-

subara frequencyjw, = 0 for U = 4.5, where the charge- est Matsubara frequendw, — 0 for U = 4.5, whereas — 0.958 and
orbital Stoner factor isy. = 0.958. Similar to the spin sus- «. = 0.958.

ceptibility, both the intra- and inter-orbital charge-orbital sus-

ceptibilities are largely enhanced arougd~ (7,0) due to

the intra- and inter-orbital nesting effects. In the present case,

¢ ~ c ~ . . . .
One OBSEIVeS( y.4.4 & X3,4:0,4 fOr g ~ (7, 0). rized as(Ap1, Apa, Mg, A) = (—, +,+, +) which is dif-

in tlenraF::gt]i.o?ﬂ(A/d ()q)t Zereserz)\llgtrtzl dcg;nﬁj %Z?igﬁsogk\;ﬁtﬁf:ﬁ(e:t'l\ésvzi't”nﬁarent from the pairing states previously proposed for LiFeAs
with (Ahh Ah2> Ah37 Ae) = (+7 +7 ) +)1 (_a +7 ] +)|

Matsubara frequenciw,, = 0 for U = 4.5. The inter-orbital

2525

I A ]
pas- bl Ay~ %

componenty; becomes very large aroung ~ (0.0 (4,4, —, —), 229 where the correlation induced FM fluctu-
b ;2525 ~ very farg ung ~ (0.0) " 4tion which is crucial for the present result is not taken into
due to the inter-orbital FM fluctuation [see Fig.6 (b)]. Va“'account

ous components of (¢) show peaks af ~ (m,0), where
the AFM fluctuation-mediated repulsive pairing interaction i?h
partially canceled by the AFO fluctuation-mediated attractiv:
one as seen from the 1st. and 2nd. terms of r.h.s. in eq. (

resulting in the moderate peak b(¢) atq ~ (7, 0) in CON= s o detd) Then, let us discuss the possibility of the

f[rast o the large peak qt’.v (0,0) where the FO quctu'atlon spin-triplet pairing in the present model eq (1) on the basis of
is not so enhanced [see Fig. 6 ()] and such cancellation eﬁ?f?& DMFT combined with the Eliashberg equation, where the

In general, the FM fluctuation is considered to mediate
e spin-triplet pairing. As for the iron-pnictides, Brydeh

. discussed the spin-triplgtwave pairing mediated by the
arly FM fluctuation within the RPA for the three-orbital

is small. effective pairing interaction for the spin-triplet state:

3.5 Superconducting gap function Vi) — — lf o V(T (i) — }f o Ve (D (i
Finally, we discuss the superconductivity when the FM, (@) g s (0n)Xe (@)L (fon) = FTe(iwn) Xe(g)Lelion)

AFM and AFO fluctuations are comparably enhanced. In Fig- 1 £(0) 4 70 7

ures 7 (a)-(c), we show the gap functiofAs(k) in the band + 2 ( s0 tle ) ) ()

representation for the band= 2 — 4 with the lowest Mat-  is gybstituted into eq. (6) instead of that for the spin-singlet
subara frequencig,, = inT for U = 4.5. We observe a spe- giate given in eq, (5). Here, we consider only fhewave

cific holes..-wave pairing, where the gap function changegate because the present model is symmetric under rotation
its sign between the inner-hole FS1 and the outer-hole F{2spin space and then aHwave states are degenerate in prin-
due to the large repulsive pairing interactiofs»,5 around  cipje The largest eigenvalues of the Eliashberg equation

q ~ (0,0) mediated by the FM fluctuation, and also changeg,e singlet and the triplet states are plotted in Fig. 8. Wtien
between the inner-hole FS1 and the electron FS due 10 i reases) for the triplet state increases with increasing the
moderate repulsive pairing interaction arounet (w,0) me-  F\p flyctuation as expected, but is always smaller thaor
diated by the AFM fluctuation [see Fig. 6 (d)]. It is notediye singlet state, that is a specific feature of the present multi-
that we also observe the sign change of the gap function §iital model in the case with competing FM, AFM and AFO

the orbital representation between the&(/Y'Z and theXY"  fctyations. Thus, we conclude that the expected pairing state
orbitals (not shown). The obtained holg-wave state has g the spin-singlet holes. -wave.

the same sign between the hole FS2, FS3 and the electron
FS and the sign of the gap function of each FS is summa-

6
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(a) AZ(k) (b) A3(k) U > U' (U < U’) where the AFM (AFO) fluctuation dom-
-0.003 0 0.005 -0.003 0 0.005 inates over the AFO (AFM) one and the largdependence
, : of Z; responsible for the orbital selective Mott transition for
large U is observed® On the other hand, thedependence
of the spin and charge-orbital vertices is large in contrast to
the previous case where that is smi&lIThe renormalization
of thedyx,y z-dxy orbital-off-diagonal spin vertex respon-
sible for the FM fluctuation enhancement is relatively smaller

-Téh , - ‘ 7] than that of thedx:_y> andd,x,y , orbital-diagonal spin
—n 0 n -n 0 n (charge-orbital) vertices responsible for the AFM (AFO) fluc-
K K tuation enhancement. Therefore, the FM fluctuation is en-
(C) A4(k) hanced larger than the AFM and AFO ones and finally over-
comes those for larg€, where the FM instability takes place
-0.004 0 0.012 at U, just below the AFM and AFO instabilities. In this case,

the effective pairing interactioiﬁ’(q) shows a large peak at

g ~ (0,0) while a small one ag ~ (w,0) where the ef-
fects of the AFM and AFO fluctuations are compete with each
other, resulting in the remarkable hale-wave pairing with

the sign change of the gap function between the inner and
outer hole FSs.

Previously, several authdrs?® proposed the orbital an-
tiphase sy-wave and the hole--wave symmetries as
promising pairing states for LiFeAs, but the relative signs of
the gap function on the FSs are different from the present re-
Fig. 7. (Color online) The band representation of the superconducting 930 It. The most significant difference between the previous and

functions A (k) on thek-plane for the band = 2 — 4 with the lowest th t hol tates is th . hanism: th
Matsubara frequenci,,, = inT for U = 4.5, where the largest eigenvalue € preseni holex-wave stales IS the pairing mechanism. the

of the Eliashberg equation i = 1.07, together with the FSs (solid lines): MOst dominant pairing interaction in the present theory is be-
hole FS1 in (a), hole FS2 and FS3 in (b) and electron FS in (c). tween the inner and outer hole FSsjat- (0,0) mediated by

the largely enhanced FM fluctuation which was not taken into
account in the previous theories but was observed by 8t
— experiment® The nodeless gap structure in LiFeAs observed
! ] by the ARPES experimeti seems to be consistent with the
/ 1 hole-s-wave states as well as the othewave states such
as thes.- and thes , -wave states, but it is difficult to dis-
tinguish between the variouswave states at the moment be-
- cause of the difficulty to determine the relative sign of the gap
function on the different FSE49)
L 1 The enhanced FM fluctuation was previously obtained in
C ] the three-orbital Hubbard model for LiFeAs, where the flat-
. ] ness of the hole band top yields the large density of states near
o——— the Fermi level responsible for the Stoner enhancement of the
3 4 S magnetic susceptibility within the RPA, and was considered to
U mediate the spin-triplgi-wave pairing with nodes of the gap
function on the hole bantf) This is a striking contrast to the
Fig. 8. (Coloronline) The largest eigenvalues of the Eliashberg equation present theory where the strong correlation effect s crucial for
for the spin-singlet and the spin-triplet states as functioris.of enhancing the orbital-off-diagonal FM fluctuation which me-
diates the spin-singlet hole:-wave pairing without nodes as
consistent with the ARPES experim&htmentioned above.
In addition, the NMR measurements for LiFe&s>? where
the Knight shift decreases with decreasifigpelow 7., also

i i ) seems to be consistent with the spin-singlet pairing.
In summary, we have investigated the electronic states a”dFinaIIy, we make a brief discussion on the frequency depen-

the superconductivity in the five-orbital Hubbard model fofyence of the vertex functions including the retardation effect
iron-based superconductors by using the DMFT combin&} ihe nairing interaction which is known to enhance the su-
with the Ellashberg equgnon to clarify thg strong Co”_elat'OBerconducting transition temperatdfe® Although the fre-
effects, especially focusing on the specific case Witheing  4,6ncy dependence of the vertex functions was neglected to
a little smaller thart/" where the AFM and the AFO fluctua- o|ye the linearized Eliashberg equation in this paper, we have
tions are comparably enhanced. Wiiémcreases, the renor- 454 made some preliminary calculations with the frequency
malization factorZ; obtained from the self-energy mono-yenendent vertex functions which are largely renormalized as

tonically depreases almost indep_endent pf the orbitalen _ fs(c) (itwn) ~ fs(c)(O) for smallw,, while are approximately
for large U in contrast to the previously discussed case with

- — singlet holes,
| —— tripletp

~ 0.5

4. Summary and discussion

7
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given by the bare vertices &, (iwn) ~ fi??;) for largew,,,
and have found that the obtainedis actually enhanced as

compared with the results without the frequency dependenc

Baker, F. L. Pratt, S. J. Clarke, and S. J. Blundell: Phys. R8& ®013)
060401.
%4) P. Wiecki, B. Roy, D. C. Johnston, S. L. Bud’ko, P. C. Canfield, and
" Y. Furukawa: Phys. Rev. Lett15(2015) 137001.

To be more conclusive, we need to obtain the precise Vertes) | i Mazin, D. J. Singh, M. D. Johannes, and M. H. Du: Phys. Rev. Lett.

functions depending on not only the external frequency but

101(2008) 057003.

also the internal ones which were not taken into account in

the present paper but is considered to play important roles es
pecially in the strong correlation regime and will be explicitly

discussed in a subsequent paper.
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