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We present the derivation of an ab initio and parameter-free effective electron-electron interaction that goes
beyond the screened random phase approximation and accounts for superconducting pairing driven by spin
fluctuations. The construction is based on many-body perturbation theory and relies on the approximation of
the exchange-correlation part of the electronic self-energy within time-dependent density functional theory. This
effective interaction is included in an exchange-correlation kernel for superconducting density functional theory
in order to achieve a completely parameter free superconducting gap equation. First results from applying the
new functional to a simplified two-band electron gas model are consistent with experiments.
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I. INTRODUCTION

In the last 30 y the field of superconductivity has been
revolutionized by the discovery of high-temperature (hi-7,)
superconductivity (SC). First the cuprates were found in the
1980s [1,2] and then iron-based compounds in the 2000s [3-5].
Numerous theoretical models have been developed in order
to grasp the essential physics of these materials [6—8] and
still the community is far from a general consensus on the
origin of the pairing mechanism. In our opinion, consensus can
only be achieved in one single way: by developing a universal
predictive theory of (hi-7,) SC that is fully parameter free
and is able to reproduce the essential properties of the SC
(including its critical temperature, complex gap function, and
excitation spectrum), using only the knowledge of the atomic
constituents and chemical structure.

Within the class of conventional (meaning phonon-driven)
SC, density functional theory for the SC state (SCDFT)
[9], within the available functional [10,11], proved to be
predictive and reliable [12-21]. However, since the pairing in
the pnictides and cuprates is nonphononic [22,23], this SCDFT
approach is not directly applicable, due to the limitations of
the functional.

In this work we carefully reconsider this functional and
its construction, in particular the treatment of the electronic
component of the pairing. We aim to reach two goals in this
work. The first is very general and not bound to SCDFT
applications. We want to formulate a screened effective
electron-electron interaction that goes beyond the GW form
and includes additional physical effects not present in the
random phase approximation (RPA) type of screening. In
particular we aim to include the effect of low-energy spin
fluctuations in a computationally feasible way and completely
ab initio (i.e., without the use of parameters, like a Stoner
exchange splitting). We focus on the spin fluctuations because
they are one of the prime candidates responsible for SC pairing
in iron SC [24]. The second goal we aim for is to cast this
effective interaction along the standard Coulomb and phonon
contribution [10] in a functional that can be used within the ab
initio SCDFT framework.
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From several empirical/semiempirical calculations [25],
where all three interactions are included, it is, in fact, known
that the interplay between the different pairing channels leads
to a strong competition and to several interesting physical
effects. The paper has the following outline. In the next section
(Sec. IT) we discuss briefly the existing functionals of SCDFT.
Then we propose the set of relevant diagrams for representing
the spin fluctuations (Sec. III A) and the corresponding self-
energy contributions are constructed in the Nambu formalism
(Sec. III B). After some additional approximation (Sec. III C),
the final form of the self-energy taking the spin fluctuations
into account is presented in Sec. IV. This self-energy may be
used also in many-body theory but the focus of this work lies
on SCDFT and hence in Sec. V a functional is derived using
the Sham-Schliiter connection. In the last part of the present
work (Sec. VI) the functional is applied to a two-band model
system and the trends with respect to the Coulomb, phonon
and spin-fluctuation (SF) contributions are investigated.

II. A BRIEF REVIEW OF SCDFT

Before engaging in the task of constructing the effective
interaction and the corresponding functional, we briefly review
the SCDFT framework and the available functionals. SCDFT
is based on a theorem of Oliveira, Gross, and Kohn [9],
that extends the Hohenberg-Kohn proof [26] of the 1:1
correspondence between density and external potential to the
SC density,

x(r,r'y = (¥, (¥, (),

where W, (r) are the usual electronic field operators and (- - - )
is the thermal average. The modern version of the theory
has been reformulated by Liiders, Marques, and co-workers
[10,18]. This formulation includes an explicit ionic density
and a further extension of the Hohenberg-Kohn proof in the
spirit of the multicomponent DFT introduced by Kreibich and
Gross [27].

In their work, Liiders, Marques, and co-workers [10,18]
proposed an exchange-correlation functional derived from
many-body perturbation theory and presented solutions of the
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SC Kohn-Sham (KS) system for real SC. The starting point is
an approximation for the self-energy. In their work they use

Se(@n) Y Y Wik (@5 — o) GF* (o) (1

m K

+ 3N AR @0 — 0n) GES (@), ()
m k'

where G,Ifs(a),,) is the Green’s function of the SC KS system
in Nambu notation [28], Wi (w,) is the screened Coulomb
interaction, and Aﬁ,}g, is the interaction mediated by phonons.
We indicate objects in Nambu notation with a bar (for example
G). The components of the Green’s function read

~ _ .z Gy (wn) Fi (w,)
Gi(@n) =7 (F;J (@) Gy (%))’

where the w, are the fermionic Matsubara frequencies, k is
a combined index k = {nk} containing the band index and
the momentum of the KS electron, and t# is the third Pauli
matrix. The normal (G;) and anomalous (F) parts of the
Nambu Green’s function are given by

3

b
Galon) = — f dre ™ (Fa(0)al O)]),
0

b
Fe(wn) = — / dre ™ (7l () O)]),
0

where a; (t) and &Z are the usual creation and annihilation
operators in the Heisenberg picture, 7' is the time ordering
operator, and (- - - ) denotes the thermal average. The electronic
part of the interaction, in the work of Marques and Liiders,
is assumed to be given by the classical (test charge to test
charge) screened Coulomb interaction [29]; therefore, it can

be expressed in terms of the dielectric function el

Wik (@) = Y €1 (@n) Vit @)
-

where v, is the bare Coulomb interaction. The
interaction mediated by phonons Af,}(‘, (w,) depends on

the electron-phonon coupling matrix elements g’k‘(’;’ and the
phonon frequencies €2,4:

1 [ 20
AEZ/((U”) = _;/(; dwmlm[/\?/:/(w)],

5
Im[AE}C‘/(a))] =-7 Z |g1§§”25(w — Q).
rq

A Feynman diagram schematic form for this approximation
is shown in Eq. (6). For the two terms we use the names £V
and £, respectively:

e, /D

W
2 gy o
;o 3
GKS
%1 expresion:

G I
(6)
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Once an approximation for the self-energy is fixed, it is
possible to construct the corresponding exchange-correlation
(xc) potential using the Sham-Schliiter connection (see Sec. V
for details). A key approximation in order to reduce the
numerical complexity of SCDFT is the so-called decoupling
approximation [30], i.e.,

XC ~u XC
AR~ S AL,

which can be interpreted as the exclusion of hybridization
effects between the non-SC KS orbitals by the effect of the SC
condensation. In this approximation the electronic KS system
can be diagonalized analytically, leading to a self-consistent
expression for the pairing potential A}® known as the SCDFT
gap equation,

tanh (‘8 gk’ )

A, 7
25, k (7

s =-arzP - K
k!

that has the BCS form [31]. The kernels Z,? and IC,gk,
depend on the temperature, the interaction matrix ele-
ments (wg,k,,Af,), the single-particle KS energies ¢ and

E, = \/ [Acl> + (ex — ). The critical temperatures pre-
dicted within this equation agree extremely well with the
experimentally observed ones within the class of phononic
SC [12-15,18,21,32,33]. However, Eq. (7) fails to describe
hi-T,. SC [5,34], where the SC mechanism is believed to be
related to magnetic interactions.

In the next sections we see that this fact is actually not
surprising. One assumption in using a dielectric type of
electron-electron interaction is that all vertex corrections in the
Coulomb part of the self-energy are completely neglected. As
one can see in Eq. (6), by comparing the approximation with its
exact counterpart obtained from Hedin’s equations [35]. Vertex
corrections can be safely disregarded in the phonon-related
part of the self-energy (at least within the domain of validity of
Migdal’s theorem [36]), but are crucial to account for magnetic
fluctuation effects, which are discussed in the next sections.

III. EXTENSION OF THE SELF-ENERGY

In this section we construct a form of the self-energy
containing the relevant processes involved in a SF-mediated
pairing. The effective interaction is evaluated in the parent
metallic system in which SC takes place (i.e., we ignore the
feedback effect of the SC condensation). This approximation
may not be valid at low temperature where the condensa-
tion strongly affects the screening of magnetic fluctuations
[6,37,38]. However, this assumption is exact near the critical
point since the SC phase transition is of the continuous,
second-order type. Therefore, the approximation will not affect
the estimation of a critical temperature.

Note, that the same approximation was applied to the
phononic part of the interaction, entering the gap equation
[Eq. (7)]. In this case the effect of the condensation on
the pairing strength is most likely negligible even at low
temperature [39,40].
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A. Inclusion of the relevant diagrams

To go beyond the GW approximation, we consider [41] the
T matrix [42—-44], which is given by a Bethe-Salpeter equation
(BSE) [45]:

T(1,2,3,4) =w (1,3) 513524
+w(,2)G(1,5G2,6)T (5,6,3,4). (8)

The coordinate 1 is a compact notation: 1 = {r,t;,01}, where
r; is the real space vector, 7| the Matsubara time, and o
the spin index. The diagrammatic form of this BSE and the
self-energy contribution £7 = GT corresponding to the T
matrix are shown in Eq. (9).

1 3 18 N 9
AR ERAE
2 425#2/6 4
M
= | T = + +

€))

Empirically, it is well known that the response function
in the T-matrix approximation leads to reasonable results for
the magnetic response function [43,44]. £7 has been used in
various studies to account for magnetic fluctuations in non-SC
systems [46—49].

However, for reasons that we discuss in Sec. III C, we do not
make direct use of the 7 matrix and the corresponding self-
energy for constructing the effective interaction. Instead we
consider a larger set of diagrams, by starting from the particle-
hole propagator A? [50-52]. This object contains all proper
particle-hole contributions. These are all diagrams which are
irreducible with respect to a bare Coulomb interaction and
have two incoming and two outgoing open coordinates. The T
matrix is fully contained in AP. We use the analogy with £7
[see Eq. (9)], to formulate the self-energy containing magnetic
fluctuations as

FGW JSF

E'Ph
S
AP

In Eq. (10) we only show a simple diagrammatic form,
details are derived explicitly in the next section. Note that
this form of the self-energy contains both Hartree and xc
contributions, while only the xc parts enter the functional
derivative appearing in the vertex part of Hedin’s equations.
The Hartree contribution is implicitly removed in Sec. III C
when we define the approximation for AP. Also double-
counting problems related to this choice of the self-energy are
addressed in Sec. III C. As a general convention in this work,
we always refer to the xc (Hartree-free) part of the self-energy.
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B. Properties of the particle-hole propagator

In this section we investigate the properties of the particle-
hole propagator, which is the key object of our derivation. For
simplicity we restrict ourselves to collinear magnetic systems;
i.e., we assume a spin-diagonal Green’s function G (1,2) =
85,6,G (1,2). One of Hedin’s equations is a Dyson equation
for the vertex I' (1,2,3),

2}3} - >6w5 + ' Ay >/y (11)

where the kernel of the Dyson equation is given by

8=V (1,2)
Ao (1,2,3,4) := GO (12)

and is called an irreducible particle-hole propagator [52]. The
Ay contains all connected diagrams which are irreducible with
respect to a bare Coulomb interaction and the particle-hole
propagator. The coordinates 1 and 4 are connected to outgoing
Green’s functions and 2 and 3 to incoming ones. [Eq. (16)]. The
self-energy used in the construction of the kernel is indicated
by ZV. The kernel A, also plays the central role in the
BSE equation for AP, which we derive now. However, before
this can be done it is necessary to classify the two possible
contributions present in Ag. The distinction between the two
sets is made using the concept of a path. A path is a chain of
Green’s function lines connecting to coordinates. For example,
in Eq. (13), we have a path connecting the coordinates 1
and 4:

13)

After this definition we can introduce the two possible
contribution present in Aj.

(1) The crossed contribution A, which has a path connect-
ing the coordinates 1 <> 3 and 2 <> 4. The spin contributions
in this set are

A§(1,2,3,4) = 85,0,00,0, A (1,2,3,4) . (14)

Note that the contributions to the 7 matrix [Eq. (9)] are all of
this type [43].

(2) The direct contribution A3, which has a path connecting
the coordinates 1 <> 2 and 3 < 4. The spin contributions in
this set are

A§(1,2,3,4) = 85,0,8000, MY (1,2,3,4) . (15)

The kernels A§ and A{ are created by the functional derivative
of the self-energy with respect to G. By the functional
derivative m one Green’s function within the self-energy
is removed and the open connections get the indices 3 and 4
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resulting in the four-point function Ay (1,2,3,4).

crossed :
X¥(1,2) 1 R 3
) s
1 | ) — AC = + ...
6G<3*4> \ v 0
2 2 72 =05 N4
direct :
1 XV(1,2) 1 3
5 2 g N
SG(3 /Nt M= d 1y = + .
Mg it A |
2 2 4

(16)

If the removed function was part of a loop, the resulting
contribution is direct. It is crossed otherwise [Eq. (16)]. Since
a loop was destroyed in the derivative, an extra minus sign is
necessary to compensate for this:

AS(1,2,3,4) 0x7(1.2) ith G not in loo (17)
9Ly, = i W 1 s
0 3G (3.4) P
AS(1,2,3,4) 02 (12) i Ginl (18)
2.3,4) = ——— " wj in loop.
0 3G (3.4) P

It is important to keep track for these signs since, while
Feynman diagrams have an explicit sign convention, symbolic
expressions [like the ones written in terms of the particle-hole
propagator Eq. (10)] do not.

Due to Eqgs. (12), (17), and (18), the total irreducible
particle-hole propagator is given by the difference between
the crossed and direct contributions:

8xV(1,2)

Ao (1,2.3.4) =
o ) 5G (3.4)

= A —AS =AY (19)

With these preliminary considerations we can start to derive a
BSE for AP. Note that also within the set AP all contributions
are either direct or crossed, i.e., AP = A®+ A%, If, for
example, two crossed contribution are linked, the resulting
one stays crossed.

1 \:trosscd + crossed — crossed = &

]

A3 Ag (20)

[ - = -

24 4

Any other combination leads to a direct contribution. A
special case is the connection of two direct contributions, in
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which a loop is created:

1 . direct + crossed — direct 3

== I
© [ d
0 I AO [
- 1
2
direct + direct — direct @D
I/
1
1 d 1 d
1 AO [ 1 AO [
1 |
2 4

Considering these cases, the BSEs for the direct and crossed
contribution of the particle-hole propagator read

(o) o0
P _ c d
AT = AL+ DAL,
n=0 n=0

C C [ (22)
i = DoGG A,

Al 1) = AJGGAS,) + AGGGAY, — AjGGA,.  (23)

where (n) labels the order in the irreducible particle-hole
propagator and the zero order Af(’g is given by the irreducible

part Af)’d. By subtracting Egs. (22) and (23) we find a combined
BSE for A%Y containing crossed and direct terms:

c—d c—d 1 (SEV
A= Ao+ AoGGA T with Ag = = (24)

Not only in the BSE, but also for the expression for £5F given
in Eq. (10), the separation in direct and crossed contribution
is crucial. Up to now only the normal-state Green’s function
appeared in the equations, because we neglected the feedback
effects of SC to the magnetic fluctuations. However, in the
expression for the self-energy [Eq. (10)] the normal and
anomalous parts appear and double arrow lines,

1 1 1

GWJ?/ FKS(Jf)// FKS(z,jy/ 25)

2 2 2

are used to distinguish the different functions. Since in the
anomalous terms no extra loops are created,

crossed: 1 direct: 1

Ac 1d (26)

the crossed and direct contributions enter both with the same
sign in the equation for the self-energy:

_ , 0 FAcH
IRES //f <FTAC+d 0 ) 27
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For the normal contribution (diagonal component in Nambu
space) the situation is a bit more complicated because the loop
rule has to be taken into account: If a crossed contribution is
inserted inside the self-energy form in Eq. (10), then a loop
is created [Eq. (28)], leading to a minus sign, while the direct
terms do not lead to any additional loop and no sign change.
This can be seen in the following graph:

crossed : direct:

A Ad (28)
2 1 2 1

In the shorthand notation given in Eq. (10) this was not,
strictly speaking, taken into account. The rigorous form of this
equation instead reads

- (—G B4 AT9(1,32,4) 0
= //”m’ (FT(3,4)AC+d(3,1,2,4) 0

+// d34tz(8 F (3,4) A°t4(1,3,4,2) )

-G (3,49 A4(3,1,42) )

(29)
Here it is shown explicitly how the direct contribution enters
with different sign on the diagonal and off-diagonal Nambu
component due to the loop rule. The way the four-point object
is connected to the Green’s function is shown in Egs. (26)
and (28) for the 21 and 22 elements of the self-energy. In the
solution of the gap equation (see Sec. V), this sign difference
will turn out to be crucial in order to have a nontrivial solution
of the gap equation. Note that the self-energy derived from
the Berk-Schrieffer interaction [53] satisfies the same sign
convention as derived here.

Under the assumption of singlet SC pairing and magnetic
collinearity, the normal part of the Green’s function conserves
spin, i.e., G (1,2) = 85,5,G4, (r1,71,r2,72), while the anoma-
lous part flips spin F (1,2) = 84,—¢, Fs, (r1,71,72,72) . This
aspect has no consequences for the £V and £ parts of
the self-energy Egs. (1) and (2), since the interactions have
no spin dependence. However, for the SF part in Eq. (29) the
restriction leads to the result that

Ziand £y  depend only on AS S
Yppand £, depend only on Af,ff_mz.

Furthermore, by comparing with Eq. (16) it is clear that
A€ has no (0,0, — 0, — o) component, while AY has no
component in the channel (o, — 0,0, — o). Therefore, the
following identities hold:

d d d

ALC;'(; o—0o _AO'U —0—0 — _Azcnr —0—0" (30)
d d

A?L oco—0 _A(Lr —6o—0 — A; —oo—0" (31

These relations lead to a self-energy containing only A¢¢ and
not A¢*d;

P = —8,,0,Go, Y AT (32)

010010
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AcTd (33)

001007

izsg = 50102 GZI
=% =00 Fr, Z(l —2800,) AGa g g (B4

EZSIF = (71 02 (rl Z (701 A(Lm:j o1—0" (35)
This is a convenient result, because we have to solve only one
BSE for A°~¢ [Eq. (24)] and not the two separate equations
for the direct and crossed parts. In the previous expression
we use a concise notation in which the integrals are not
written out [compare with Eq. (29)]. We use this notation
in the next section when it does not lead to any ambiguity
in the formulas. Unless stated otherwise, the coordinates are
contracted analogous to a matrix product.

C. Local approximation

In the preceding sections we have constructed an ap-
proximate form of the electronic Nambu self-energy that we
believe contains the relevant contributions to account for a SF
mediated pairing. However, even this approximate form is too
complex to be used directly in simulations on real materials.
The dimensionality of the four-point object A°~¢ in Egs. (32)
to (35) and the resulting integrals are simply too complex
to handle. What would make a significant simplification and
bring the computational cost of the method to an affordable
level would be a two-point form of the interaction; meaning
an approximate form that can be written as

S (1,2)p = G (1,2)p 0% (1,2) » (36)

where @wSF is to be understood as an effective interaction

between electrons that accounts for the SF pairing and a,b
is the index with respect to the Nambu matrix. Of course, such
a form can be obtained by a formal inversion of the above
equation,

JI oo g,
G(1.2)u

but this is of no use in practice, because one would need the
four-point object A°* in the first place.

To obtain a two-point form we make use of an additional
approximation, already common in the context of band-
structure calculations [49,54,55], to use the KS potential as
a local approximation for ¥V, namely,

=V (1,2) & 811,800,055, (X17T1). (37

0 (1,2),, =

’

The functional derivative [Eq. (24)] leads to the xc kernel
f*¢, which is a two-point function in space-time but still a
four-point object in spin (x; = {r;7;}):

0102 (x1) Z/d Xs U();]caz (x1) 3,0(75%()65)
3G(3 4) 3pos0(X5) 6G(3,4)

fxe

8G(5,6)
// d5d6f(,l(,2(,5(,6 (X1XS) m(gmxc

0'10'20'30'4 (xlx'i) 8)(3)(4
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If Eq. (24) is solved with the xc kernel and the full G is
approximated by the KS one, the well-known Dyson equation
from linear response density functional theory appears [56],

—d __ XC xc ~KS ~KS rxc
=41 4+ 16 G*SG®S f

=xKs
+ 64fxCGKSGKSfXCGKSGKSfXC + ..

XKS

=416 T s

leading to the proper part of the response function Py, s, 0,0,-
Since the Green’s function is diagonal with respect to spin, the
longitudinal and transverse parts of the response decouple:

c—d 2 :
(rlal(rz(rz =4 (I[O’[(Tz(fz 16 01010606 (76(76(77(77f 7070207
0607

(38)

Atcr:d(lrafa = 4fa o—00 + 16f —0— oUPU—U—UU ;iafao'
(39

The proper part P is related to the full response function x via
the Dyson equation:

X(rm(r(r:P(r(r(r(r ‘I"Sazr(smﬂ P(r(rmrvX(r’(r’(r(r-
1020304 1020304 10290304 102 304

oo’

(40)

The response function X, 5,45, in the spin basis determines the
change in the spin-resolved charge density induced by external
fields and is defined as

8/)61(72 (rlarl)

Xo0y0304 (ri,71,r2,1) = " .
5§0§§0_4 ("2, TZ)

The equations for A“¢ will become more transparent if we
rewrite the response quantities on the right-hand side of
Egs. (38) and (39) in components of the Pauli matrix; i.e.,

8p; (r1,71)

Xij (P, T r2,0) = — o ———.
R 3¢ (ra,m)

In this form y represents the change of the electronic charge p
or magnetic moment m (p; = {p,my,my m,}) with respect to
physical fields (<pe"‘ {5, B, B‘”‘t , BS*'}). In this work we
label the Pauli 1ndex with i and j and it should not be confused
with the Nambu index indicated by a and b [used in Eq. (36)].
The basis transformations between the two representations are
simply

Aapys = Z ﬁA’JJVS’

_ i J
Aij =Y 0haAapys0s,.
afysd

where o' is the four-component vector containing the Pauli
matrices:

=6 DC OC D6 )
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Note that the response function is a sparse matrix for the
considered collinear system,
Xxx Xxy O 0
| K Xyy 0 0
=100 00w el
0 0 Xz Xoo

and the proper and full responses are equal x;; = P;; if
i,j € {x,y} [Eq. (40)]. As mentioned above, we change the
representation of the response function from spin to the Pauli
basis in order to achieve a more transparent form of the
effective interaction,

Z fm. Pij ij (1

ijef0

Af,:‘im_a =21 x0 fr, (42)

where the two point functions f;, and f are given by (z; =
+1l,z,=-1)
sz =2ofp tfor  Jw =2l t 0

T ._ gxc XC —
an = J0o +Z(szO fOc = 00 +Zﬂf0z y
Io = fix Taify X = Xxx + 2ol Xy

8i08j0) fjo (41)

mm 020

In Eq. (41) we have dropped 75 5,0, + fon Poo fos, 1n order
to avoid any double counting: This term is, in fact, already
accounted for by the screened Coulomb interaction w in the
GW term, which contains an analogous contribution in the
form v + vPyov + - - - . In addition, we neglect the linear order

X »—oo» Decause in a system featuring magnetic fluctuations
itis supposed to be small as compared to the dominant fF xF £F
term. This is because the SFs should appear as a large value of
the magnetic susceptibility.

The form of A°™¢ in Eq. (42) has now obtained an
immediate physical interpretation: The exchange-correlation
kernels f*¢ act as a vertex for the electronic interaction
mediated by SFs, which are expressed by the magnetic
susceptibility x.

The transverse part allows for a flip of the electronic spin,
which can be understood in the following way.

(1) The spin flip of electron 1 corresponds to a local
fluctuation in the magnetic moment ém;.

(2) This, in turn, creates a magnetic field via the kernel:
8By = f*ém;.

(3) If the system features magnetic fluctuations, the § B,
leads to fluctuations in the system: §m, = x4 B;.

(4) The fluctuation (magnons) couple via the second kernel
to another electron § B, = f*“6m,, whose spin is flipped in the
absorption process.

This interpretation is analogous to the one given by
Kukkonen and Overhauser for the charge fluctuations [29]
and shows that the term A°~¢ in the local form represents an
effective interaction between electrons mediated by magnetic
fluctuations.

The final £5F is constructed by inserting the two-point
particle-hole propagators given in Eqgs. (41) and (42) in the
equation for the self-energy Eqgs. (32) to (35). We do this in the
next section. Note that by doing so, a separation in direct and
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crossed contribution is implied for the xc kernel [see Egs. (30)
and (31)]. This is an assumption because the xc kernel is, in
general, not based on a diagrammatic expansion.

IV. FINAL FORM OF THE SELF-ENERGY

So far our formalism has been derived for collinear
magnetic systems and therefore it could be applied to general
interactions between SC and magnetism. In its nonsupercon-
ducting limit our effective interaction is very similar to that
Schweflinghaus et al. [57] used to investigate the effect of
magnetic ions on a metallic substrate. We now simplify it
for the case of a nonmagnetic system. This means that, by
construction, we do not consider the possibility of atomic scale
coexistence between magnetism and SC. We believe that this
assumption is justified for a large set of hi-7, SC (cuprates
and pnictides), where usually (although exceptions have been
observed) the antiferromagnetic (AFM) order is completely
suppressed in the SC regime [8,58].

In a nonmagnetic system the response functions and xc
kernel are diagonal with respect to the Pauli index and the three
directions with respect to the magnetic field are degenerate. In
this case the effective interaction in Egs. (41) and (42) reduces
to a simple form (here x is a combined variable of space and
time x = {rt}):

1
Ac—d _ SF
21010202 (x1,x2) = folZUzEA (x1,x2),

AC—d

g—00—0

ASF (x1,x5) := 2// dxdx’

S szc (x1,x) Xzz(xx,)fz?;?(x/axz)» (43)
and we insert this form in Egs. (32) to (35):
S5 (1,x2) = 3 (=D AN (01,20) Gup (x1,%2) . (44)

(x1,x2) = A% (x1,x2),

The prefactor represents the fact that the diagonal part enters
with the opposite sign due to the effect of the loop rule
discussed in Sec. III B. By construction, the equation has the
GW form, however with an interaction originating from SF
and denoted as ASF. Note that this effective interaction, in the
limit of an homogeneous electron gas, reduces to the form
derived by Vignale and Singwi in Ref. [50]. ASF contains the
xc kernel and the magnetic response function, which can be
calculated using Time-Dependent DFT (TD-DFT) [56]. The
total self-energy is given by the sum of L6V ¥5F and TP
given in Egs. (1), (44), and (2), respectively.

Relation to previous approaches

So far, the challenge to describe unconventional SC has
been taken up by model methods. Among the most successful
approaches for iron pnictides is to map the systems on a multi-
band Hubbard model and to seek the solution of this model.
Common methods for this are the functional renormalization
group [59], used, for example, by Platt, Thomale, and Hanke
[60], the fluctuation exchange approximation [61], as adopted
by Kuroki and co-workers [62] or Graser and co-workers
[63], or a Berk and Schrieffer [53] interaction, as discussed
in Ref. [64].
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In this respect is important to notice that our effective
interaction [Eq. (43)] is formally similar to that of Berk and
Schrieffer. However, since we construct it from the exact
TD-DFT susceptibility and the exchange-correlation kernel
fxe» it neither requires the mapping on a Hubbard Hamiltonian,
nor the use of any parameter as the U.

V. THE FUNCTIONAL

So far, we have derived the contribution from the SFs to the
self-energy and, correspondingly, a SF pairing that can be used
in any theory of SC. In this section we specialize this result to
be used within the framework of SCDFT. To do this we make
use of the Sham-Schliiter connection [65] between a KS and
an interacting system, generalized to the SC case by Marques
[66]. We assume that v*° and the diagonal part of £V act
in a similar way as a mass operator on the Hartree states and
cancel each other. Then the noninteracting SC-KS is mapped
to the interacting system by the following self-energy form:

= - - - GW  Axe*
ESS — EGW + ESF + EPh _ (AXC _GTw> (45)

The Sham-Schliiter connection follows by imposing that the
total density p (r;) = lim,,_,, % Zw,, G (ry,ry,w,) and the
anomalous density x (ri,r;) = an F (ry,r,,w,) are identi-
cal in the KS and interacting system:

_ .2 0,07 [ AKS 2SS A
o_aabr}g}zﬁgje [GXSES5Gu,

1 . _ _ _
0=(1—38u) 3 > e [GRIESS Gy,

Wy

The connection becomes a closed equation for the supercon-
ducting gap by approximating the full Green’s function on the
right-hand side and the one in ¥ with the KS one. In addition,
we neglect all contributions that are explicitly higher than
linear in the pairing potential. Since, as discussed in Sec. III,
we are mostly concerned with computing an accurate critical
temperature, rather than the full temperature dependence of the
superconducting gap. In this approximation, the 12 element of
the Sham-Schliiter equation simplifies to

1 . 4+ +
O — E Zelw,,o GKSGKSTAXC*

+ 1 3 elend” GRS, pKS

n

1 . _
. E Zezw,,w GKSEHGKST'

The Matsubara summation may be evaluated analytically
because the frequency dependence of the KS Green’s function
is known and for the response functions and phonons a
frequency representation with respect to the anti-Hermitian
part of the retarded quantities holds [Eq. (5)]. The evaluation
is done with the help of the residue theorem, which, for the
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Matsubara summation of an analytic function A (z), leads to

Polesey

1 [o¢]
EZA(iwn)= Y reslfp(D)AR)Zml,  (46)

m

where the contour y are two infinite half-circle excluding the
imaginary axis and fj is the Fermi distribution function. At this
point an adiabatic approximation for the xc kernel is assumed.
This reduces the order of poles in ASF and the same residue are
found for the Coulomb, phonon, and SF contribution. After
the evaluation of the Matsubara sum [10], the equation is
inverted for A}, leading to a gap equation very similar to
the conventional one in Eq. (7):

h (BEe

A =—AFZP - ZIC an ( )A;C,
iy [~ apmEA O] M) o
2tanh (£%) d&k

x JT (G, Gvw),

=2 [ao

Im[wie () + 3 A% ()] + ARf (@)
tanh (%) tanh (’ST)

X J 7GsG w),
15(¢.¢ ) == — f() fp(t)bp(w)
Pt — oB(EHw) BT _ pBHw)
X[ R A N }

J5@.t o) =155 ) £ Iy, — ¢ \o). 47)

bg (w) is the Bose distribution function and ¢; are the
single-particle KS energies of the non-SC system relative to
the chemical potential {; = €; — . The kernels in this integral
equation represent different physical processes introduced by
the corresponding self-energy contribution.

(1) The AP w () term describes pairing between electrons
due to phonons. The interaction is attractive: A (w) < 0.

(2) The wyy (w) term is the scattering of electrons due
to Coulomb interaction. The bare Coulomb interaction is
reduced by intermediate scattering processes (screening) w =
ve~! [Eq. (4)]. Plasmonic effects may also enter via this
term.

(3) The last term A,f,f (w) contains the magnetic response
function yx,, and hence becomes important if the system is
close to a transition to a magnetic phase. In such a case the
response function features sharp excitations, which represent
paramagnons.

The two last terms originate both from the Coulomb
interaction and are therefore intrinsically repulsive:

Im [A%} ()] > 0 and Im [wiw (@)] > 0. (48)

If these are the strongest terms in the gap equation (47), in
order to have a nontrivial solution, a sign change must occur
in the gap function. We show how this mechanism works
in the following section where we apply the formalism to
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a model system and investigate the general structure of the
theory.

VI. APPLICATION TO A TWO-BAND MODEL SYSTEM

A. Isotropic approximation and the two-band model with a SF
pairing

The function A, is known to have a strong dependence on
the €,x[18]. The remaining k-space structure, however, is often
of little importance, especially within topologically connected
Fermi surface portions [15]. Therefore, it is convenient to
define an isotropic (or multi-band-isotropic) approximation
by means of the averaging operation

1
Ank ~ An (E) = m Xk:s(enk - E) Anka
Nu(E):=) 8 (em — E),
k

where N, (E) is the density of states of band n. This
simplification leads to an isotropic gap equation, where all
interactions are replaced with energy- and band-dependent
quantities. As an example of how this averaging works, we
consider the SF term:

) 1
ASE(EE \0) ~ B D Aok (@)
" kk'

X 8(ep — E)S(eyw — E).

We assume the system to be close to an AFM instability with
the ordering and nesting vector q.. Then the proximity to the
magnetic phase leads to strong fluctuations (paramagnons) at
low frequencies and the vector ¢ in the magnetic response
function x., (w,q) [67]. These fluctuations are expected to be
weak for other vectors. The portions (bands) of the Fermi
surface nested by ¢ are labeled asn = + and n = —.

The usual TD-DFT kernels like the adiabatic local density
approximation have no dependence on (w,q) and the form of
ASF in frequency and g is determined by ...

In such a situation the isotropic effective interaction is
expected to be small for intraband scattering (ASF, ~ 0) and
peaked for interband scattering (ASF ).

This situation is modeled by a 51mple parabola centered
around a characteristic frequency @ (see Fig. 2, top right; we
have also tested a Gaussian and a Lorentzian form and we find
that the shape has little effect on the properties of the model):

cINJ(EN1 = (222,
< Gandl #J, (49)
0 elsewhere.

ATNEE \0) = {if |- a|

We fix the width ¢; to a value of 0.01 Ry and the density
of states times the peak height ¢ is determined by requiring
a value for the effective coupling strength ASF, The effective
coupling strength is given by the integral of A ;; with respect

to w:
SF ._
e [T

2A” (EF,EF a))
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FIG. 1. (Color online) (Left) T, for different A5 as a function of
the average @. (Right) Analogous plot, here for several @ as a function
of ASE,

Within this simple multiband isotropic model the structure of
our SF theory of SC can be made more transparent.

B. Discussion of the SF contribution

Here and in the next section, we assume a two-band
isotropic approximation discussed in the previous section.
In this way we try to investigate the general solution of the
SCDFT gap equation for a SF-mediated pairing. As a first step
we neglect completely Coulomb and phonon contributions,
considering only the SF interaction given in Eq. (49).

We modify the SF by acting on the parameters @ and
)»?5 In Fig. 1 we show the critical temperature as a function
of @ and A$5. From Eliashberg theory for phonon-driven
superconductors we have knowledge of the following rela-
tions between characteristic frequency and average coupling
strength [68,69]:

T, x @ e %* for small A, (50)
T. o @ /A for large A. 5D

On the right-hand side of Fig. 1 we can recognize the
exponential and square-root behavior with respect to ASF. The
transition between small and large coupling takes place at
ASF ~ 1.5 for @ = 0.15 Ry. For the dependence of 7, with
respect to @, we find a linear behavior.

This result is not accidental, because the sign change of
the gap leads effectively to an attractive interaction between
the two bands; therefore, within this simplified model there
is no formal difference between SF repulsive pairing and
conventional phononic attraction.

Within such a model calculation we can estimate the
coupling strength in the iron-based superconductors, simply
by the experimental knowledge that the characteristic energy
of the magnetic fluctuations are of about 20 meV [5]. This
implies a coupling ASF of about 1 (neglecting phononic and
Coulomb effects) to reach the critical temperatures of ~10 K
found in these compounds.
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FIG. 2. (Color online) (Top left) Form of the Coulomb interac-
tion for various « determining the decay of the Coulomb interaction
[Eq. (52)]. (Top right) Form of the SF interaction Eq. (49). (Bottom)
Gap function A as a function of energy and «.

C. Interplay between Coulomb, spin-fluctuation,
and phonon contribution

In the previous section we have observed that the features
of the SCDFT gap equation with a SF interaction is relatively
simple and similar to the conventional phononic case. Here
we add the effect of phonon and Coulomb interactions. This
will create a frustration on the SC potential because the three
interaction will compete against each other.

We use the same SF spectrum in Eq. (49) and fix A5F = 1.2
and @ = 0.01 Ry. The Coulomb interaction is very different in
nature, compared to the SF. In particular, its frequency depen-
dence develops in the plasmonic energy scale (eV). We there-
fore ignore it and assume a flat interaction with respect to w.

It is expected that this interaction decays like ﬁ where

2
gr1r is the Thomas-Fermi screening vector. ThereTfFore, the
contribution for small momentum transfer (intraband) should
be much larger than the interband contribution corresponding
to g. ~ k — k'. Similarly for scattering from the Fermi level to
high-energy states, the scattering should become momentum

independent [70]. We model this picture in the following way:

Ny (E2)(Uo + U1€7K(E‘2+E§))

if I=1J,

wry (ELEp) = (52)
Nj(E2)Uy
i T£

The diagonal part w;; (Ey,E) of this interaction is shown
in Fig. 2. For the parameters of the Coulomb interaction we
choose N; (egp) Uy = 0.2,U, = % The parameter « is used
to control the Coulomb interaction: If « is large the Coulomb
interaction decays very quickly in energy.

Due to the choice of an electron hole symmetric DOS
[N+ (E) = N_ (E)] and interaction, the gap function is also to-
tally symmetric: A; (E) = A;(—E)and A, (E) = —A_(E)
and hence only the positive branch A (E) is shown in Fig. 2.
Note that within this symmetry a constant Coulomb interaction
(k — 00) cancels out completely from the gap equation (47).

In general, the gap function shows a typical form, being
constant close to the Fermi level, followed by an extremum and
a decay for larger energies [18,71]. By decreasing the value
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FIG. 3. (Color online) Gap A for different asymmetric density
of states.

of x the Coulomb contribution starts to influence the results.
The critical temperature decreases, due to repulsion within one
band, and the gap starts to show dips. The dips indicate the
regime, where the Coulomb interaction competes with the SF.
For ¥ < 1 the Coulomb contributions are strong enough to
flip the sign of the gap function for certain energies. The sign
change of the gap function at higher energies reduces the effect
related to the repulsive Coulomb term in the gap equation (47).

Effectively, the Coulomb contribution on the full energy
scale may be mapped to a reduced effective Coulomb term
on a smaller energy scale due to the sign change of the gap
function. Hence, the sign change of the gap function is the
way Coulomb renormalization happens in SCDFT [18,70].
Note that the sign change of the gap happens far away from
the Fermi level.

However, for k = 4 the Coulomb contribution still decays
faster in energy than the SF term, which leads to one more
sign change in the large energy regime (dash-dotted blue line in
Fig. 2). If we decrease the « further, the Coulomb contributions
dominate also in the large energy range and the gap changes
sign only once.

Note that the critical temperature converges quickly with
respect to k. This indicates that the Coulomb interaction influ-
ences the critical temperature only in a small energy window
for the symmetric two-band system and the renormalization of
the gap is not affecting the critical temperature strongly.

To verify this observation, we test different densities of
states instead of the constant one used so far: The different

PHYSICAL REVIEW B 90, 214504 (2014)

functions are step and square-root functions, which represent
atwo- and three-dimensional system, respectively, and a Gaus-
sian peak. The different functions are shown in Fig. 3. The non-
flat functions cut away the long energy tails of the gap function.
However, the effect on the critical temperature is rather small.

What has a strong effect on 7; is a change of the ratio
xj EZ; = 1 (magenta line in Fig. 2). This verifies that in the
two-band system with a sign-changing gap, only a small
energy region around the Fermi level matters for the Coulomb
repulsion. This is very different from the one-band case, where
the Coulomb renormalization at large energies is an essential
effect.

Last, we consider the inclusion of the purely attractive
phonon contribution. Its behavior is rather straightforward. If
a single phonon peak is included [Eq. (49)] providing the same
coupling between all bands, the critical temperature reduces by
increasing A", Until a the phononic coupling strength reaches
the value of ASF. The phonons dominate the gap equation and
the symmetry of the gap changes. The s state favored by the
repulsive interactions is suppressed and an s state is found.
From this point the 7, starts to rise again with increasing A",

VII. SUMMARY AND OUTLOOK

In this work we have derived a fully ab initio effective
electron-electron interaction containing the effect of a pairing
mediated by SF. The derivation starts from many-body
perturbation theory and the introduction of a self-energy
function, containing the relevant diagrams originating from its
vertex part, therefore going beyond the GW approximation.
The vertex correction enter the expression in the form of the
particle-hole propagator, which is a highly nonlocal object
determined by a BSE. The solution of the BSE would be
computationally not feasible for realistic systems instead; in
Sec. III C, we propose a local approximation for the particle-
hole propagator. In this limit the equation for the self-energy
becomes very transparent: SFs enter via the magnetic response
functions, which can be calculated effectively [67,72] within
linear response TD-DFT, and the coupling to the electrons is
mediated by the exchange-correlation kernel.

This effective interaction is, in principle, applicable to
any theory of SC; however, in this work we cast it into the
framework of SCDFT by the construction of an explicit xc
kernel (Sec. V). In this way the full gap equation remains
completely parameter free.

We show a first application of the new functional (Sec. VI)
to a two-band electron gas model. Application to real materials
will follow; however, this further step needs the calculation of
the magnetic response function for the real system and will be
the subject to further investigation.
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