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The s-wave three-band Eliashberg theory can simultaneously reproduce the experimental critical temperatures and the gap values
of the superconducting materials LaFeAsOy oFy 1, Bag¢Ko.4Fe,As, and SmFeAsOg sF, as exponent of the more important families
of iron pnictides. In this model the dominant role is played by interband interactions and the order parameter undergoes a sign
reversal between hole and electron bands (s+-wave symmetry). The values of all the gaps (with the exact experimental critical
temperature) can be obtained by using high values of the electron-boson coupling constants and small typical boson energies (in

agreement with experiments).

The discovery of Fe-based pnictide superconductors [1-
3] has aroused great interest in the scientific community.
For the first time noncuprate superconductor shows high
critical temperature. In these systems, as in cuprates, the
superconductivity occurs upon charge doping of a magnetic
parent compound above a certain critical value. The more
relevant difference is that in cuprates the parent compound
is a Mott insulator with localized charge carriers and a strong
Coulomb repulsion between electrons, while in the pnictides
it is a bad metal and shows a tetragonal to orthorhombic
structural transition below = 140 K, followed by the onset of
an antiferromagnetic spin-density-wave ordering [4]. Charge
doping gives rise to superconductivity and, at the same time,
inhibits the occurrence of both the static magnetic order
and the structural transition. The Fermi surface consists of
two or three hole-like sheets around the I' point in the first
Brillouin zone and two electron-like sheets around M point.
Up to now, the most intensively studied systems are the 1111
compounds, ReFeAsO;_.F, (Re = La, Sm, Nd, Pr, etc.) and
the 122 ones, hole- or electron-doped AFe,As, (A = Ba, Sr,
Ca).

At present it is not completely clear what is the micro-
scopic pairing mechanism responsible for superconductivity.

The conventional phonon-mediated coupling mechanism
is too week and cannot explain the observed high T,
within the standard Migdal-Eliashberg theory [5, 6]. The
calculated T, increases only marginally with the inclusion
of multiband effects and remains far from experimental
values. On the other hand, the magnetic nature of the parent
compound seems to favor a coupling mechanism based on
nesting-related antiferromagnetic spin fluctuations [7]. In
this case an interband sign reversal of the order parameter
between different sheets of the Fermi surface (s+ symmetry)
is predicted. The number, amplitude, and symmetry of
the superconducting energy gaps are indeed fundamental
physical quantities that any microscopic model of super-
conductivity has to account for. Experiments with powerful
techniques such as ARPES, point-contact spectroscopy, and
STM, have been carried out to study the superconducting
gaps in pnictides (for a review see [8]). Although the results
are sometimes in disagreement with each other, a multigap
scenario is emerging with evidence for rather high gap ratios,
A1/A; =~ 2-3 [8]. A two-band BCS model cannot account
either for the amplitude of the experimental gaps or for their
ratio. Three-band BCS models have been investigated [9—
11] which can reproduce the experimental gap ratio but not
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FIGURE 1: Schematic drawing of the multiband model used in this
work. The two hole bands (1 and 2) are centered around the T point,
while the equivalent electron band (3) around the M point of the
reduced Brillouin zone.

the exact experimental gap values when the experimental
T, is exactly reproduced. In this regard, a reliable study has
to be carried out within the framework of the Eliashberg
theory for strong coupling superconductors [12-18], due to
the possible high values of the coupling constants necessary
to explain the experimental data.

By using this strong-coupling approach, I show here that
the superconducting iron pnictides represent a case of dom-
inant negative interband-channel superconductivity (s=-
wave symmetry) with high values of the electron-boson cou-
pling constants and small typical boson energies. Further-
more I prove that a small contribution of intraband coupling
does not significantly affect the obtained results and that the
contribution of the Coulomb pseudopotential is negligible.

The electronic structure of pnictides can be approxi-
mately reproduced by using a three-band model (Figure 1)
with two hole bands (1 and 2) and one equivalent electron
band (3) [9]. The s-wave order parameters of the hole bands
A; and A, have opposite sign with respect to that of the
electron A; [7]. In such systems intraband coupling could
be provided by phonons while interband coupling by anti-
ferromagnetic spin fluctuations which in a one-band system
are always pair breaking but here, in a multiband system,
the interband terms can contribute to increase the critical
temperature. In the multiband Eliashberg equations the spin
fluctuations term in the intraband channel has positive sign
for the renormalization functions Z; and negative sign for the
superconducting order parameters A; thus leading to a strong
reduction of T.. However, if we consider negative interband
contributions in the A; equations, the final result can be an
increase of the critical temperature [19].

The generalization of the Eliashberg theory [12-18] for
multiband systems has already been used with success to
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study the MgB, superconductor [20-23]. To obtain the
gaps and the critical temperature within the s-wave, three-
band Eliashberg equations, one has to solve six coupled
equations for the gaps A;(iw,) and the renormalization
functions Z;(iw,), where i is a band index that ranges
between 1 and 3 (see Figure 1) and w, are the Matsubara
frequencies. For completeness we included in the equations
the nonmagnetic and magnetic impurity scattering rates in
the Born approximation, Ff\} and TZI . In the imaginary-axis
formulation [24] the equations are

. _ N Z .
w,Zi(iw,) = w, + Z(rij + F%)Nj (iw,)
j
(1)
+ nTZAiZj(iwn,iwm)N]Z(iwm),

m,j

Zi(iwn)Ai(iwy) = > (TN — TH) N2 (iw,)
J

+ TS [ A G iwn) - s | (2)
m,j

x 0(we — |wm|)NJ‘A(iwm)>
. h, . . .
where  Af(iw, iwn) = Afj (iwny i) + A} (i, i),
AiAj(zwn,zwm) = Af’j (iwp, iwy) — Af;)(zwn,zwm). 0 is the

Heaviside function and w, is a cut-off energy. In particular,
AP (i, i) = 2[5 dQQEFPP(Q)/[ (w5 — 0m)? + Q2]
where ph means “phonon” and sp “spin fluctuations.”
Finally, N (iwm) = Aj(ion)/\|w}, + A3 (iw,,) and N (iwp,) =

W/ w2, + A?(iwm).
In the real axis formulation the multiband s-wave
Eliashberg equations [25, 26] are
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where now A,-Zj(w, w) = Afjh(w, w')+ A?f(w, w), A,-Aj(w, w")

A}th(w, w') — A?]P(w, w'). In particular, AZ—h’Sp(w, w’)
o dQ(a; FP(Q)/2)[(tanh(w'/2T) + coth(Q/2T))/(w’ +
Q—w—id)— (tanh(w'/2T) — coth(Q/2T))/ (0" — Q- w—id)],



Advances in Condensed Matter Physics

and NJ-A(w) = Aj(w)/\w? - A?(w) and sz(w) =
W/ w? — A?(w).

In principle the solution of the three-band Eliashberg
equations shown in (1) (or (2)) requires a huge number
of input parameters: (i) nine electron-phonon spectral
functions, ociZjFPh(Q); (ii) nine electron-SF spectral functions,
ociszSP(Q); (iii) nine elements of the Coulomb pseudopo-
tential matrix, ‘u;kj(wc); (iv) nine nonmagnetic Tﬁ and nine
paramagnetic I’ f‘]” impurity scattering rates.

It is obvious that a practical solution of these equations
requires a drastic reduction in the number of free parameters
of the model. According to the work of Mazin et al. [7] I
know that (i) Agh > /\fjh ~ 0, that is, phonons mainly provide
intraband coupling but the total electron-phonon coupling
constant Z,-/lgh should be very small [5, 6], (ii) /\f}’ > AF =
0, that is, SF mainly provide interband coupling. I include
these features in the simplest three-band model by posing

A}?ih = Afjh =0,A} = 0, and uj(w,) = #ii(we) = 0. Here,
of course, it is )ijh’Sp = ZJSmdQ(a,ZjFPh’SP(Q)/Q). Moreover, 1
set I =T} = 0in (1)-(2) and (3)-(4).

Within these approximations, the electron-boson
coupling-constant matrix A;; = A?]P becomes [9]

0 0 Aiz=Asn
0 0 Ayp=Ann|, (5)
A3 Az 0

where v; = N1(0)/N3(0), v = N»(0)/N3(0), and N;(0) is the
normal density of states at the Fermi level for the i-band (i =
1,2,3 according to Figure 1).

I initially solved the Eliashberg equations on the imagi-
nary axis to calculate the critical temperature and, by means
of the technique of the Pade approximants [27, 28], to obtain
the low-temperature value of the gaps because in presence of
a strong coupling interaction or of impurities, the value of
Ai(iw,-o) obtained by solving the imaginary-axis Eliashberg
equations can be very different from the value of A; obtained
from the real-axis Eliashberg equations [29]. I also solved the
three-band Eliashberg equations in the real-axis formulation.

I reproduced the critical temperature and the gap
values in three representative cases: (i) the compound
LaFeAsOgoFo, with T, = 27K where point-contact spec-
troscopy measurements gave A;(0) = 3.8 meV and A,(0) =
8.0meV [30]; (ii) the compound Bay Ko 4Fe,As, with T, =
37 K where ARPES measurements gave A;(0) ~ 12.1 meV,
A (0) = 55meV, and A3(0) ~ 12.8meV [31]; (iii) the
compound SmFeAsOqgFq, with T, = 52K where, accord-
ing to point-contact spectroscopy measurements, A;(0) =
17.0meV and A,(0) ~ 5.7 meV [32, 33].

Inelastic neutron-scattering experiments suggest that the
typical boson energy possibly responsible for superconduc-
tivity ranges roughly between 10 and 30 meV [34, 35]. In
the numerical simulations I used spectral functions with
Lorentzian shape, that is, ociZjF(Q) = Gj[L(Q + Qjj, Vi) —
L(Q - Q;;, Yij)], where L(Q + Q;,Y;j) = [(Q + Qi) +
(Yij)z]_l, Cij are the normalization constants necessary to
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Figure 2: Full symbols, left axis: calculated gap values at T = 2 K
for LaFeAsOg¢Fy as a function of typical boson energy Q. Open
symbols, right axis: electron-boson coupling constants, A3 and A3,
as a function of Q. The inset shows the spectral function used in
this model in the case 2;; = 10 meV.

obtain the proper values of A;; while Q;; and Y;; are the peak
energies and half-widths, respectively. In all the calculations I
always set Q;; = Qo, with Qg ranging between 5 and 35 meV
and Y;; = 2meV. The cut-off energy is w, = 12 - Qg and the
maximum quasiparticle energy is Wmax = 16 - Qo.

In the T, = 27K case I know that ; = 0.03 and v, = 1
[36] while in the T, = 37K casev; = 1 and v, = 2 [9] and in
the T, = 52K case T have v; = 0.4and v, = 0.5 [37]. Once the
energy of the boson peak Q) is set, only two free parameters
are left in the model: A3; and A3,.

By properly selecting the values of these parameters it is
relatively easy to obtain the experimental values of the critical
temperature and of the small gap, which is well known. It
is more difficult to reproduce the values of the large gaps
of bands 1 and 3 since, due to the high 2A, 5/kg T, ratio (of
the order of 8-9), high values of the coupling constants and
small boson energies are required. Figures 2, 3, and 4 show
the values of the calculated gaps (full symbols, left axis) as a
function of the boson peak energy, Q. The corresponding
values of A;3 and Ay, chosen in order to reproduce the values
of T, and of the small gap, A,, are also shown in the figure
(open symbols, right axis). In all materials examined, only
when Qg < 10 meV the values of the large gap correspond to
the experimental data. Indeed, when Q increases, the values
of A and As strongly decrease. As a consequence, a rather
small energy of the boson peak together with a very strong
coupling (particularly in the 3-1 channel) is needed in order
to obtain the experimental T, and the correct gap values. In
this regard, it is worth noticing that the absolute values of the
large gaps cannot be reproduced in a interband-only, two-
band Eliashberg model [38], as well as within a three-band
BCS model. In the latter case it is only possible to obtain a
ratio of the gaps close to the experimental one [10, 11].
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TaBLE 1: The effect of the intraband terms and Coulomb interaction on the gap values.

Pure interband Ai = 0. ui=0 QO = 10 meV
Free parameters A3 = 4.267 Az = 1.138 —
Results Ay = 10.29 meV A, = 5.56 meV |A;] = 10.22 meV
Intraband Ai = 0.4 ui=0 QO = 10meV
Free parameters A3 = 3.866 Az = 0.471 —
Results Ay = 10.30 meV A; = 5.62meV |A;] = 10.24 meV
Intraband and Coulomb Ai = 0.4 ,u,*]- =0.1 Oy = 10 meV
Free parameters Ay = 2.730 Az, = 0.758 —
Results Ay = 7.49 meV A, = 5.72meV |A3] = 7.98 meV
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FiGgure 3: Full symbols, left axis: calculated gap values at T = 2 K
for BayKo.4FeyAs; as a function of typical boson energy Q. Open
symbols, right axis: electron-boson coupling constants, 113 and A3,
as a function of €).

I also tested the effect into the model of a small
intraband coupling (possibly of phonon origin). In the case
of BageKo4FerAs, (T, = 37K) I fixed Qg = 10meV and
Aii = 0.4 since I know indeed that this coupling cannot be
very high [5, 6]. Then I determined the free parameters A3,
and A3, in order to obtain T, = 37 K. It might be thought that
this term can sensibly contribute to increase the gap values
but, as can be seen in Table 1, this is not the case as the gap
values only show a slight increase.

The effect of Coulomb interaction was also investigated
for the case shown in Table1 where a weak intraband
coupling is included. I chose yjj = pji = 0.1 and, as expected,
I found that the intraband Coulomb pseudopotential has
a negligible effect while the interband one [19] strongly
contributes to raise T, and reduces in a considerable way
[24] the value of A3;. In this case, as shown in Table 1, it
is only possible to obtain the correct value of the small gap
because the electron-boson coupling is now too small and
it is impossible to reproduce the value of the big gap. As a

F1GURE 4: Full symbols, left axis: calculated gap valuesat T = 2 K for
SmFeAsOgsFy, as a function of the typical boson energy Q. Open
symbols, right axis: electron-boson coupling constants, A3 and 1,3,
as a function of Q.

consequence, this result seems to exclude a strong interband
Coulomb interaction in these compounds.

I also calculated the superconductive density of states in
all three cases. The parameters used for the T, = 27.00 £ 0.01
K case are Qy = 10meV, 113 = 1.115, and 13, = 0.743, for
the T, = 37.00 + 0.01 K case Q¢ = 10 mev, A3 = 4.267, and
Ay = 1.138 and for T, = 52.00 + 0.01 K case Q¢ = 10 meyv,
A13 = 5808, and /123 = 2.208.

The value of coupling constant A3, is in the range 1-6 and
this fact, at a first glance, may seem very unusual but these
systems have some peculiarities in common with the heavy
fermions superconductors. For example, in the compound
LaFeAsOqoFo 1, the normal state at T. is asymmetric and
pseudogapped, with two broad maxima that are progres-
sively smoothed out on increasing the temperature [30].
This shape is very similar to that observed by point contact
spectroscopy in materials with long-range spin-density-wave
order, like URu,Si, [39, 40]. The calculated superconductive
normalized conductances are shown in Figure 5; the presence



Advances in Condensed Matter Physics

2.5

=4K

dr/dv r

0 20 40 60 80 100
Energy (meV)

Figure 5: Calculated energy dependence of the superconductive
normalized tunneling conductance at T = 4 K for LaFeAsOgoF;
(T. = 27 K, red solid line), BagsKo4Fe,As, (T, = 37 K, dash blue
line), and for SmFeAsOgsFy, (T. = 52K, green dash-dot line).
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FIGURE 6: Calculated temperature dependence of the penetration
depth ([AM(T)/MT = 1K)]?) for LaFeAsOooFo, (T. = 27K, red
solid line), BagsKq4Fe;As, (T. = 37K, dash blue line), and for
SmFeAsOgsFo, (T, = 52K, green dash-dot line). The insert shows
the behaviour of [A(T) — A(T = 1K)]/MT = 1K) obtained by
solution of Eliashberg equations: red circles for LaFeAsOg yFy 1, dark
blue triangle for Bag¢Ko4Fe,As;, green squares for SmFeAsOg sF .
The lines are the third-order polynomial fits.

of a hump at Q =~ Qg + A, is a typical strong coupling effect
[41]. This feature, of course, is more evident when A3 is
bigger. By cause of thermal broadening it is impossible to
separate the peaks of the gaps A; and As.

The penetration depth as a function of temperature has
been calculated in the three cases and is reported in Figure 6.
It is in qualitative agree with the experimental data [42]. The
inset shows the behaviour of [A(T) —A(T = 1 K)]/MT = 1K)
at low temperature. Although at sufficiently low temperature
an exponential fit may be certainly possible the inset shows
that, on a larger T range (up to T/T. ~ 0.3) these curves can
be best fitted by a third-order polynomial as experimentally
observed [42].

In conclusion, I have shown that the newly discovered
iron pnictides very likely represent a case of dominant
negative interband-channel pairing superconductivity where
an electron-boson coupling, such as the electron-spin fluc-
tuactions one, can become a fundamental ingredient to
increase T, in a multiband strong-coupling picture. In
particular, the present results prove that a simple three-
band model in strong-coupling regime can reproduce in a
quantitative way the experimental T, and the energy gaps of
the pnictide superconductors with only two free parameters,
As1 and As,, provided that the typical energies of the spectral
functions are of the order of 10meV and the coupling
constants are very high (1 < A3; < 6).
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