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Local correlation effects on thes.- and s, -wave superconductivities mediated by
magnetic and orbital fluctuations in the 5-orbital Hubbard model for iron pnictides
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We investigate the electronic state and the superconductivity in the 5-orbital Hubbard model for iron pnictides by
using the dynamical mean-field theory in conjunction with the Eliashberg equation. The renormalization factor exhibits
significant orbital dependence resulting in the large change in the band dispersion as observed in recent ARPES ex-
periments. The critical interactions towards the magnetic, orbital and superconducting instabilities are suppressed as
compared with those from the random phase approximation (RPA) due to local correlation effects. Remarkably, the
s+4-pairing phase due to the orbital fluctuation is largely expanded relative to the RPA result, while-gagring
phase due to the magnetic fluctuation is reduced.
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The discovery of the iron-based superconduétdras trig- where the self-energy becomes local and enables us to suffi-
gered an intense research effort to investigate their electromiently take into account the local correlation effects includ-
state and superconducting mechanism. Most of the phase itdig the strong correlation regime whefxdargely depends on
agrams exhibit the tetragonal-orthorhombic structural trarthe orbitat® and the OSMT is realizetf) To examine the su-
sition and the stripe-type antiferromagnetic (AFM) transiperconductivity, we solve the Eliashberg equation in which
tion.:? The AFM fluctuation is enhanced towards the AFMthe effective pairing interaction and the renormalized single-
transition?) while the ferro-orbital (FO) fluctuation responsi-particle Green’s function are calculated on the basis of the
ble for the softening of the elastic constai* > is enhanced DMFT. In particular, we focus our attention on the local cor-
towards the structural transition. Correspondingly, two diselation effects on the possible pairing states, the magnetic
tinct s-wave pairings: thes;.-wave with sign change of the fluctuation mediated.-wave and the orbital fluctuation me-
order parameter between the hole and the electron Ferdiateds, -wave, beyond the random phase approximation
surfaces (FSs) mediated by the AFM fluctuafiéhand the (RPA) which was extensively developed for iron pnictides in
s, -wave without the sign change mediated by the FO fludhe previous workg:*V
tuatior’19 and by the antiferro-orbital (AFO) fluctuatitv The 5-orbital Hubbard model consists of theFdeorbitals
which is also responsible for the softening(@f; through the and is given by the Hamiltoniah, I = H, + H,,, where
two-orbiton proces®) were proposed. Despite the numeroushe kinetic partH, is determined so as to reproduce the first-
efforts, the pairing state together with the mechanism of thgrinciples band structure for LaFeAsO and the Coulomb in-
superconductivity is still controversial. teraction partf{int includes the multi-orbital interaction on

As the details of the electronic band structure are crucial Fe site: the intra- and inter-orbital direct terbisand U,
for the pairing state and mechanism, the theoretical studietind’s rule coupling/ and the pair transfef’. In this paper,
have employed the realistic multi-orbital model® where we set ther-y axes parallel to the nearest Fe-Fe bonds.
the tight-binding parameters are determined so as to repro-To solve the model, we use the DMET in which the
duce the first-principles band structures which had been foutattice model is mapped onto an impurity Anderson model
to agree with the angle-resolved photoemission spectroscopmbedded in an effective medium which is determined so
(ARPES) by reducing the band width by a factoof 3.1® as to satisfy the self-consistency conditio@:(ism) =
However, recent high-resolution ARPES measurements for/N) >, G(k,is,,) with the wave vectok and the Mat-
Bao.sKo.4F&As,' revealed significant band (or orbital) de-subara frequency,, = (2m + 1)xT, whereG(ic,,) and
pendence of the mass enhancement from 1.3 to 9.0. More é(k,igm) are the %5 matrix representations of the local
cently, some evidences for an orbital-selective Mott transitiofimpurity) Green’s function and the lattice Green’s function,
(OSMT) in KmFeg_ySQ,lS) where the renormalization factor respectively, which are explicitly given by
Z for d,, orbital becomes zero whil& for the other orbitals 1
are finite, and for the heavy fermion behavior in KRe,,® Glicy) = [@‘1(iem) — i(z’sm)} , (1)
where the system is near the OSMT, were observed. In these
cases, we need to investigate the superconductivity on the ba- &g, iem) = [(ism ) — Ho(k) — i(ism)} -1 @
sis of the strongly correlated electronic states in the presence
of the large orbital dependence &f where3:(ie,,, ) is the5 x 5 matrix representation of the impu-

In this letter, we investigate the 5-orbital Hubbard mddel rity (|Oca|) Se|f-energy an@(igm) is that of the bare impurity
for iron pnictides by using the dynamical mean-field theorgreen’s function describing the effective medium. Within the
(DMFT)'") which is exact in infinite dimensions/(= o)  DMFT, the spin (charge-orbital) susceptibility is given in the
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25 x 25 matrix representation as local quantities such as and Xs(c)- Since the multi-orbital
. 1 system requires rather CPU-time and memory consuming
Xs(e)(@) = |1 = (F)x0(@)se) (iwn) | Xo(q) (3) calculations, we employ the clusters with the site number
) R N, = 4 within a restricted Hilbert spacé) We have also
with Xo(q) = —(T/N)3., G(k + q)G(k), wherek = performed preliminary calculations with, = 222 and have
(kyiem), ¢ = (g.iwn) and w, = 2n7T. In eq. (3), confirmed that the results witN, = 4 are qualitatively con-

I's(c) (iwn ) is the local irreducible spin (charge-orbital) ver-sistent with those withV, = 2 and quantitatively improved
tex in which only the external frequency,() dependence is especially for the intermediate interaction regime as previ-
considered as a simplified approxima#irand is explicitly ously observed in the DMFT+ED approaches for the multi-

given by band and multi-orbital modef$:-29In fact, the DMFT results
A . JEE a1y from the ED with N, = 4 are quantitatively in good agree-
_ _ 1 o1
Lae)(iwn) = =(+) [Xs(c) (iwn) = Xo (W”)} (4) ment with the precise results from the numerical renormaliza-

R N i 7) -orbi

With So(icn) = —TS . Cliem + iwn)Glicn), where tion grOL_Jp? for the2 orbital Hubbard model and thosg from
. : is the local Sm, h ital ibili the continuous-time quantum Monte Ca&fdor the 3-orbital
Xae)(iwn) 1S the °,C"" spin (charge-orbital) sAuscept|b| Ity'Hubbard modef® As for the 5-orbital Hubbard model, the
When the largest eigervalug (O‘F) of (=)%0(@)'s(e)(iwn)  ED results withN, = 3 are found to agree with those with
in eq. (3) for a wave vectay Wlth twy, =0 reaches unity, the. . = 2.2 Therefore, we expect that the ED calculations
instability towards the magnetic (charge-orbital) order W|tr\1Nith N, = 4 yield quantitatively reliable results also for
the corresp_ondmg takes place. . ) the present 5-orbital Hubbard model. All calculations are per-

To examine the superconductivity mediated by the Magsmed atl’ — 0.02¢V for the electron numbet — 6.0 cor-
netic and charge-orbital fluctuations which are extremely €Masponding to the non-doped case. We B&ex 32 k;-point

hanced towards the corresponding orders mentioned aboﬁ?eshes and 1024 Matsubara frequencies in the numerical cal-

we write the effective pairing interaction for the Spin'Singlet:ulations with the fast Fourier transformation. Here and here-
state using the spin (charge-orbital) susceptibility and VerteX - \we measure the energy in units of eV.

given in egs. (3) and (4) obtained within the DMFT in the In the previous RPA stud9), it was found that thes. -

25 x 25 matrix representation as pairing is mediated by the magnetic fluctuation near the AFM
order forU > U’, while thes_ , -pairing is mediated by the
orbital fluctuation near the FO order féf < U’, where the
superconductivity is investigated in the wide parameter space

) () by treatingU, U’, J and.J’ as independent parameters apart
) ) _ (0) from the condition satisfied in the isolated atdih= U’ +2.J
with the bare spin (charge-orbital) vertgK, .\ Jeer = U(U),  and.J = J'. Correspondingly, we consider the two specific
[Fi(()i)]wez/ =U'(=U'+2J), [Fi(()Z)]MZW = J(2U'—J)and cases with/ > U’ andU < U’ to elucidate the correlation

0 o , . effects beyond the RPA on the magnetic and orbital orders
[y eee = J'("), wherel” # ( and the other matrix ele- and the those fluctuations mediated superconductivity.

s(c) D . O .
ments are 0. Substituting the effective pairing interaction eq. First. we consider the case witi > U’, where the

Si)az?lcti)etzrr]ge Iee;tﬂgEOGnreens function eq. (2) into the IInearlzeanagnetic fluctuation dominates over the orbital fluctuation.

In Fig. 1, several physical quantities are plotted as func-

T tions of U with U = U’ + 2J, JJU = 0.1 and
Ay (k) = —= Vi (k- K . ' o
w (k) N Z Z b tatr( ) J = J'. Fig. 1 (a) shows the renormalization factor de-

K lqlalsly 050 (0) 1
. ) . . .
% Gty (k') Ay, ()G, (K, ©6) fined by: Z, = [1 o) E_)()} Wlt.h orbital ¢ =
. . _ . dy2_y2,dg.2_y2,d.y, dy,. andd,,. WhenU increases, all of
we obtain the gap functiol\,/ (k) with the eigenvalue\ 7, monotonically decrease with increasing the variancg,of
which becomes unity at the superconducting transition tenjye find thatZ, for ¢ = d,, is the smallest for all’ and finally
peraturel’ = T.. In eq. (6),Au (k) includes thel /d correc-  hecomes zero df, ~ 5 while Z, for ¢ # d,, are finite re-
tions yielding thek dependence of the gap function respongealing the OSMTY as recently discussed ianez_yS@lf’)
sible for the anisotropic superconductivity which is not obang KFgAs,1® where the ARPES experiments are well ac-
tained within the zeroth order df/d.*” If we replacel's)  counted for by the slave-spin mean-fitd® and the slave-
with féo) and neglect, eq. (5) yields the RPA result of boson mean-field (GutzwilleYy approximations yielding the
V(g).”"*YTherefore, eq. (6) with egs. (2) and (5) is a straightOSMT with Z,,, — 0. We note that, even in the interme-
forward extension of the RPA to include the vertex and thdiate correlation regime away from the OSMT, the large or-
self-energy corrections within the DMFT without any doublébital dependence df, results in the significant change in the
counting. band dispersicit which is consistent with the recent high-
In the actual calculations with the DMFT, we solveresolution ARPES measurements for,B& 4Fe,As,.1%
the effective 5-orbital impurity Anderson model, where the Figs. 1 (b) and (c) show th& dependence of the largest
Coulomb interaction at the impurity site is given by the sameigenvalues:; anda.. for several wave vectokg whereo
form as H;,; with a site: and the kinetic energy responsi-shows a maximum a§ = gmax. WhenU increases, both
ble for G in eq. (1) is determined so as to satisfy the selfe, and o, increase witha, > a. and o, becomes unity
consistency condition as possible, by using the exact diagat U™ ~ 2.40 where the magnetic susceptibility with
nalization (ED) method for a finite-size cluster to obtain thg ~ (w,0) corresponding to the stripe-type AFM diverges.
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Fig. 1. (Color online) (a) The renormalization factaf, with ¢ =  Fig. 2. (Color online) DMFT results for the., intra-orbital components

dy2_y2,d3,2 2, dz0, dy- anddey, (b) and () the largest eigenvalues of the _spin s‘uscept?bilityﬁ (a), the charge-orbital susct_eptibiliv (b) and
ando, for severalg and A which reach unity towards the magnetic, charge-the pairing interactiort” (c), and those for the band-diagonal components
orbital and superconducting instabilities, respectively, as functionswith ~ Of the gap functiom with the lowest Matsubara frequengsy,,, = i1 for
U=U+2J,J/U=01andJ = J' forn = 6.0 andT = 0.02. The band 2 (d)and band 3 (e) (band 4 (f)) with the hole (electron) FSs (solid lines)
RPA results ofx; for gmax and are also plotted by thin lines in (b). for U = 2.28, U’ = 1.824 andJ = J' = 0.228, wherea = 0.964 for
gmax- (9)-(1) The corresponding RPA results for = 1.15, U’ = 0.92 and
J =J' =0.115, whereas = 0.964 for gmax-

The largest eigenvalueof the Eliashberg equation (6) is also

plotted in Fig. 1 (b) and is found to increase with increasin%ffects thes.. -pairing phase is reduced relative to the RPA
a, and finally reaches unity &> ~ 2.34 where the super- ’ e
¢ esult as shown in Fig. 1 (b).

o . . I
n ing in ili rs. For comparison, we al | . .
conducting instability occurs. For comparison, we also plot Next, we consider the case withh < U’, where the

the RPA results oty for gmax and X in Fig. 1 (b) and find . . . : .
o N EM sC orbital fluctuation dominates over the magnetic fluctuation.
that the critical interaction¥’, andU2>% from the DMFT . o
c c Figs. 3 (a)-(c) show the renormalization factgy and the

are about twice larger than those from the RPdue to the largest eigenvalues., o, and ) as functions oft/’ with
correlation effects beyond the RPA and are consistent with ttbe 0250 + 2 JS/U c 01andJ = J'. When” in-

values of the effective Coulomb interactions derived from thgreasesZ for all £ monotonically decrease with keeping the
downfolding scheme based on first-principles calculatiShs. ¢ y ping

In Figs. 2 (a)-(f), we show the,, intra-orbital compo- smallest value fof = d,,, similar to the case of Fig. 1 (a).

nents of the spin (charge-orbital) susceptibility (x<) and WhenU" increases, both, anda. increase witho, < a.
- . FO ~ .
the pairing interactiori/, together with the band-diagonal and a, becomes unity av, 2.28 where the orbital

components of the gap functiods with the lowest Matsub- \s/g:c:sﬂ\?\;l;;;ggfla a;N (O’_O)(g o;;iipggf Ibncgotv(\)/[ﬁ% '\jv?thdl-
ara frequencyie,, = inT for U = 2.28, U’ = 1.824 and ges. max A ! ¢

— _ i FO i _
J = J' = 0.228. In this case, the enhanced spin susceptfj-‘c = 0.98 andgya = (0,0) justabovdl; *” with o, = 1.03,

IR . . FO .o
bility for q ~ (r,0), i. e., the stripe-type AFM fluctuation while it is difficult to determineg,,., precisely aty,® with

. S . S a. = 1 within the present numerical resolutionysdiverges
yields the large positive value of the effective pairing interac- :
: L X - . almost simultaneously fay ~ (0,0) and then we call the FO
tion V for g ~ (m,0) resulting in the gap function with sign .

change between the electron and hole FSs, . e.5.theave in a broad ;enseé(\j/V|th increasing, X increases and fmal]y

. . reaches unity al/>“ ~ 1.54 where the superconducting in-
state. Figs. 2 (g)-(1), we also show the corresponding RPA rgfability occurs Fcor comparison, we also plot the RPA results
sults forl/ = 1.15, U = 0.92 and.J = J' = 0.115. As the ' P ’ P

; of v for guax andX in Fig. 3 (c), and find thal/"© andU ¢
q dependence of® and V" from the DMFT becomes weak_ from the DMFT are larger than those from the RPA due to the
as compared to the RPA results due to the local Correlat'%%rrelation effects beyond the RPA. Remarkably, the DMET
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Fig. 3. (Color online) (a) The renormalization factdf, with ¢ = Fig. 4. _(Color onIi'nt_a? DMFT results for thdzy intra-orbitgl_gomponents
dy2_y2,d3,2_,2,dzq,dy, anddzy, (b) and (c) the largest eigenvalues of the spin susceptibility* (a), the charge-orbital susceptibility” (b) and
anda for severalg and which reach unity towards the magnetic, charge—the pairing interactioV” (c), and those for the band-diagonal components of

orbital and superconducting instabilities, respectively, as functiob ufith ~ the gap functiomA with ie,, = T for band 2 (d) and band 3 (e) (band 4
U = 0.25U" +2J,J/U = 0.1andJ = J' forn = 6.0 andT = 0.02. (f)) with the hole (electron) FSs (solid lines) f6f = 0.4, U’ = 1.28 and

The RPA results oft. for gmax and) are also plotted by thin linesin (). /= J' = 0.04, wherea, = 0.76 for gmax. (9)-(1) The corresponding RPA
results forU' = 0.25, U’ = 0.8 andJ = J' = 0.025, wherea, = 0.76

for gmax-

result of thes, | -pairing phase witi/5¢ < U < UFC is

largely expanc_jed as com_pared to the R_PA _result, IN CONUr4RL.< towards the magnetic, orbital and superconducting in-
o the case with the..-pairing phase which is reduced (Seestabilities have been found to be suppressed as compared to
Fig. 1 .(b))' . .. the RPA results. Remarkably, the ,-pairing phase due to

. In_ Figs. 4 (a)-(1), we show t,he same physical /quantmes 4Re orbital fluctuation is largely expanded as compared to the
n F|gs. 2 (a)-() for7 = 0.4, U - 1.28 and.J”: J = 0.04. RPA result, while thes-pairing phase due to the magnetic
In this case, the enhanced orbital susceptibility in the Wmlefluctuation is reduced. This is caused by the local correla-
space yields the negati_ve \_/alue of the effe_ctive pairing _intefl'on effects which enhance the local, i. e., fpéndependent
actionV’ for all g resulting in the gap _functlon without sign magnetic (orbital) fluctuation resulting in the local component
change, i. e., the++-yvave state. In Figs. 4 (g)-(I)/, we also of the repulsive (attractive) pairing interaction responsible for
show the c;nrrespondmg RPA results tor= 0.25,CU =08 e suppression (enhancement) of she(s. . )-pairing. Al-
andJ = J' = 0.025. As theq dependence of® from the though the case witly < U’ is not realistic and the FO

DMFT becomes_weak as compared to the RPA result due fRictuation enhanced therd,, intra-orbital component) is
the local correlation effects, the locgtéveraged) component not corresponding to the softening 6k, the same effects

of the pairing attractiofl’| becomes considerably Iarger.thandue to the local correlation are expected to occur insthe-
the RPA result for the same value of for Gmax resulting n pairing in the realistic cases with the electron-phonon inter-
the remarkable enhancement of the, -pairing phase which i 5-11) ang/or the mode-coupling effects of the Coulomb

. e 0
is expanded farsgw_ay from the FO critical interactioji interactiod? and will be discussed in subsequent papers.
(o = 0.82 for U>%) in contrast to the RPA resuléy( = 0.95

for US€) as shown in Fig. 3 (c). Acknowledgments
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