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6.2 Rolf Heid

1 Introduction

The electron-phonon interaction is, besides the Coulomb interaction, one of the fundamental
interactions of quasiparticles in solids. It plays an important role for a variety of physical
phenomena. In particular, in metals, low-energy electronic excitations are strongly modified
by the coupling to lattice vibrations, which influences, e.g., transport and thermodynamical
properties. Electron-phonon coupling (EPC) also provides in a fundamental way an attractive
electron-electron interaction, which is always present and, in many metals, is the origin of
electron pairing underlying the macroscopic quantum phenomenon of superconductivity.

This lecture addresses the consequences of electron-phonon coupling in both the normal and
superconducting state of metals. In Section 2, the basic Hamiltonian describing the coupled
electron-phonon system is introduced. In Section 3, a closer look onto normal state effects
in a metal is taken, focusing on the renormalization of quasiparticles, which allows to exper-
imentally quantify the strength of the interaction. Section 4 is devoted to phonon-mediated
superconductivity. First a derivation of the effective attractive interaction among electrons me-
diated by phonon exchange is given. Then we analyze the role of electron-phonon coupling
for superconductivity in the context of the strong-coupling Migdal-Eliashberg theory in some
detail. In Section 5, we introduce an approach based on density-functional theory to calcu-
late electron-phonon coupling quantities and present two examples to illustrate its predictive
power. Throughout this Chapter, only nonmagnetic states are considered and atomic units
h=2m,=e*/2=1aswell as kg = 1 are used.

2 Electron-phonon Hamiltonian

2.1 Electron-phonon vertex

The lowest-order process involving the electron-phonon interaction is the scattering of a single
electron by a simultaneous creation or annihilation of a single phonon, as diagrammatically
shown in Fig. 1. The probability for the scattering process is called the electron-phonon vertex g.
We will briefly sketch its derivation starting from rather general grounds. For more details one
can refer to the book of Grimvall [1].

Due to the large ratio of the ionic and electronic mass, the dynamics of the ions and the electrons
can be systematically expanded in terms of the small parameter x = (m/M)'/*, which results
in a partial decoupling [2,3]. To lowest order in x, called the adiabatic or Born-Oppenheimer
approximation, the total wavefunction of the coupled electron-ion system can be written as a
product ¥ (r, R) = x(R)%(r; R), where r and R denote the sets of electron and ion coordinates,

respectively. The electronic wavefunction obeys the equation
(Te + Vee + Hea(R)) n (1 R) = En(R)1n (1 R) (1)

where 7, and V.. denote the kinetic energy and Coulomb interaction of the electron system,
respectively. Eq. (1) depends parametrically on the ionic positions R via the electron-ion inter-
action H,;.
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Fig. 1: Diagrammatic representation of the basic electron-phonon scattering process. Black
lines represent electrons, the blue zigzag line a phonon, and the red circle the screened vertex.

The electron-phonon vertex appears in first order beyond the adiabatic approximation. One can
show that it induces off-diagonal matrix elements among the electronic eigenstates v,, and has
the form

(n] gV |n'). (2)

The operator égV stands for the linear change of the potential felt by the electrons under a
displacement of an atom from its rest position: R = Ry+u. If the potential V' is the bare

electron-ion potential VY, then gV = u-VV?| . Eq. (2) represents the bare vertex. However,

‘Ro
in solids, and in particular in metals, the bare electron-ion potential is screened by the other
electrons. Screening also alters the vertex significantly. Within linear response theory this
operator takes the form

mrV =u- €’1VV0|RO , 3)

where 7! is the inverse dielectric matrix [4], which is a measure of the screening. Note that in
Eq. (3), the screening operator does not commute with the gradient operation, and thus can not
be written in terms of the gradient of a screened potential.

2.2 Frohlich Hamiltonian

We now aim to develop a systematic perturbative treatment of the mutual influence of the elec-
tronic and phononic subsystems in a solid. Thereby the question arises, what are the proper
noninteracting quasiparticles to start with. The correct answer requires to know the solution to
some extent. As we will see, electronic states are significantly influenced by lattice vibrations
mostly in close vicinity of the Fermi energy. It is therefore appropriate to start with electrons
moving in a static potential of a rigid ion lattice, without any renormalization by the lattice vi-
brations. In contrast, the bare vibrations of the ion lattice would be a bad starting point, because
they are strongly altered by the screening of the electrons. This screening must be built into the
description of the harmonic lattice vibrations which defines the noninteracting phonons.

For the discussion of electron-phonon coupling effects in periodic solids, a good starting point
is the Frohlich Hamiltonian, which reads in second quantization

H = He + th + He-ph (4)

Here the electron system is described by noninteracting quasi-particles with dispersion .
These quasiparticles are considered to be the stationary solutions of band electrons in a per-



6.4 Rolf Heid

fect periodic lattice, and include already the renormalization from Coulomb interaction

He = Z Ekv CTkuackucf : (5)

kvo

]

Here ¢, (ckw

) are the annihilation (creation) operators for an electronic state with momen-
tum k, band index v, spin o, and band energy ¢y,,.
The lattice Hamiltonian is expressed in terms of quantized harmonic vibrations, and represents

aj

where b, ; (bLj) are the annihilation (creation) operators for a phonon with momentum q, branch

noninteracting phonons

index 7, and energy wq;. Phonons are the quanta of the normal mode vibrations (for more details
see Appendix A). The operator of atom displacements is expressed in terms of the phonon
operators by

Upse = Z ¢ REAY (b + b1 ) with AY — Msal9)) (7)
Vi) V2l

Atoms are characterized by two indices denoting the unit cell (/) and the atoms inside a unit
cell (s), respectively, with M, the corresponding atom mass. « denotes Cartesian indices,
and 7,,(qj) is the eigenvector of the normal mode qj. The number of points in the summation
over qis N,.

The third term describes the lowest-order coupling between electrons and phonons derived from
Eq. (3). Using the relationship Eq. (7) it has the form

He-Ph - Z Z glcg—qu’,ku ClJr<+qV’aCkvo (bqj + bT—qj) : )

kvv'o qj

gl‘:iqy,,ky is the electron-phonon matrix element and describes the probability amplitude for
scattering an electron with momentum k from band v to a state with momentum k-+q in band v/
under the simultaneous absorption (emission) of a phonon with momentum q (—q) and branch
index j
gl‘jiqy,kV = Z AY (k+qu 0‘ o V’kua> 9)
s

Here again the screened first-order change of the potential enters the matrix elements. They are
independent of spin for nonmagnetic ground states.

This general form of the Frohlich Hamiltonian will be the starting point for the many-body
perturbation outlined in the next sections. To simplify the treatment, we will use a compact
notation combining momentum and band/branch index into a single symbol: k£ = (kv), k' =
(k'v'), and ¢ = (qj). The EPC matrix elements are then denoted as

Tk = Do 1w Ok’ Jea » (10)

which implicitly takes into account momentum conservation.
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3 Normal-state effects

3.1 Green functions and perturbation

In this section we will discuss the effects of electron-phonon interaction in the normal state
of a metal. This will be done using many-body perturbation techniques [5—7]. The focus will
be on the renormalization of electronic and phononic quasiparticles, which provides ways to
experimentally gain information about the coupling strength. This will set the stage for the
discussion of phonon-mediated superconductivity in the next section.

The following treatment is based on the Frohlich Hamiltonian Eq. (4), where Hy = H, + H,,
denotes the Hamiltonian of the unperturbed quasiparticles, and H,.,, is a perturbation linear in
the electron-phonon coupling. We will work with the imaginary-time Green functions

Gk, 7) = =(Tre,(7)ck,(0)) (11)

for the fermionic quasiparticles, where the field operators are given in a Heisenberg picture
using an imaginary time —i7, ¢ (7) = e e HT with —3 < 7 < 3, 8 = 1/T. The Wick
operator 7’ reorders operators to increasing 7 from right to left.

For the bosonic quasiparticles, the Green function of the displacement operators is defined as

Usa,s’a’ <Q7 7-) = - <T7—uqsa (T)uqu’a Z A%As ZJD ) (12)

where D denotes the phonon Green function (q = (qj ))
D(q,7) = (T2 (by(7) + b1, (7)) (b_4(0) +1}(0))) (13)

G(k,7) and D(q,7) can be defined as periodic functions in 7 with the symmetry properties
G(k,7+08) = —G(k,7) and D(k,7+3) = D(k, T), respectively. Their Fourier transforms are
given by

8
Gk iw,) = %/ dre™m G (k,T) (14)
-8
1 (7.
D(q,ivy,) = 5/ dre™"D(q,T), (15)
-8

where w, = (2n+1)7T and v,, = 2mnT, with integer values n, m, denote fermionic and
bosonic Matsubara frequencies, respectively.

Two further simplifications have been assumed: (i) because we are dealing with nonmagnetic
states only, the spin index in the electronic Green function can be suppressed; (ii) the perturba-
tion H,.,;, does not mix different electronic bands or phononic modes, such that the interacting
Green functions can still be represented by a single band/mode index.

The bare Green functions of the unperturbed Hamiltonian Hy = H, + H),, are

1
Go(k’,iwn) = T (16)
Wp — €k
1 1
Do(q.iv,,) = - . . 17
o(0ivn) = o (17)
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Fig. 2: Diagrammatic representation of the lowest-order contribution to the electron self-energy
from the electron-phonon coupling. Blue zigzag and black lines represent phonon and electron
propagators, respectively.

Electronic energies are measured with respect to the chemical potential. By applying many-
body perturbation theory to the Frohlich Hamiltonian, the interacting Green functions are ex-
pressed by an infinite series of Feynman diagrams containing the bare Green functions and an
increasing number of electron-phonon vertices.

Partial resummation leads to the Dyson equations

Gk iw,)™ b = Go(k,iw,) ™t — X(k,iw,) (18)
D(q.ivm)™" = Golq,ivy) ™" — II(q,ivm), (19)

which connects bare and renormalized Green functions via the electron and phonon self-energy,
2/ and 11, respectively. The self-energies are defined as the sum of all one-particle irreducible
Feynman diagrams, i.e., as the sum of all Feynman diagrams, which cannot be separated into
two distinct graphs by cutting a single electron or phonon line.

In the following we will discuss the most important contributions to the self-energies in more
detail.

3.2 Electron self-energy

The lowest-order diagram of the electron self-energy represents a virtual exchange of a phonon
as shown in Fig. 2

Yop(kyiwy,) = Z ng/ Go(K, iwn ) (93 1) Do(q, iwn —iwy,) . (20)

q k'.q
With Egs. (16) and (17), and after performing the Matsubara sum over w,,; one obtains

wo) + flew) | blwy) +1-flew) 21
( . ) @

Yop(kyiwy,) =
p n) .
Wy, + Wg — € Wy — Wq — Ep/

qk’

Y., depends on temperature 7" via the Fermi and Bose distribution functions, f(g) = (e*/7+1) !

and b(w) = (e*/ T—l)_l, respectively.
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To discuss the quasiparticle renormalization, we consider the retarded Green function, which
is obtained by analytic continuation to the real axis via iw, — e+ with an infinitesimal
positive d. It is connected to the analytic continuation of the self-energy via the Dyson equation

1

Glk,e) = (e —ep — X(k,e)) . (22)

If the self-energy is small enough, the spectral function Ay(¢) = — Im G(k, e+iJ) consists of a
well defined peak at a shifted quasiparticle energy determined by the real part of Y

Er =€ + Re E(k,gk) . (23)
The quasiparticle acquires a finite lifetime leading to a linewidth (full width at half maximum)

which is determined by the imaginary part.
It is straightforward to perform the analytic continuation of X, (k,iw,, — £+id) in the form
given in Eq. (21) and to derive the expression for the imaginary part

ImXY,,(k, &)= Z|gk, [ e— 5k/+wq)(b(wqj)+f(5kz))+5(e—5k/—wq)(b(wq)—kl—f(gk/))}.
q k' .,q
(25)
This can be rewritten by introducing two spectral functions
a?FE (e, w) Z 8 (w—w, Z 197, 4?0 (e—eptw) . (26)

They depend on the electronic state £ via the EPC vertex. The imaginary part can then be cast
in the form

Im %,,(k,¢) = —W/Oozlw (azFlj(g,w) [b(w)+ f (wte) ]+ F (e, w) [b(w)—l—f(w—e)D .27

The physical interpretation of this expression is as follows. When a quasiparticle hole is created
at a state k (¢ < ep), electrons can scatter from states with higher or lower energies, respectively
(see Fig. 3). By conservation of energy, the first process involves a simultaneous emission of a
phonon, while the second one is related to the absorption of a phonon. The probability is de-
scribed by o F; and o F}, respectively, weighted with the appropriate bosonic and fermionic
distribution functions. Both processes provide decay channels contributing additively to the
linewidth (inverse lifetime) of the quasiparticle. A similar description holds when a quasiparti-
cle (electron) is created at energies above the Fermi level.

Very often, a simplification is made which is called quasielastic approximation. Because the
electronic energy scale is typically much larger than the phonon energies, differences between
emission and absorption spectra are rather small, and it is well justified to ignore the phonon
energy w, in the -function of (26), such that o> F;~ ~ o F}, with

@ Fl(e,w) = Z(Sw Wy Z|gk,k| de—ew). (28)
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Fig. 3: lllustration of the scattering processes contributing to the self-energy of a hole quasi-
particle with momentum k and band index v. Electrons (red lines) can scatter virtually from
states with higher or lower energies under simultaneous emission or absorption of a phonon
(blue lines), respectively.

The self-energy then simplifies to

ImXY,,(k,e) = —7T/ dw (asz(s,w) [2b(w) + flwte) + f(w—E)D : (29)
0

It is instructive to evaluate this expression for the simple Einstein model, where only a single
dispersionless phonon mode with energy (2 couples to the electrons. In the limit 77 — 0 one
finds

Im %, (k,e) — —mA(e) (2 — O(2—¢) — O(2+¢)), (30)

where ©(x) denotes the Heaviside step function, and A(c) = 1/Ny Y, |94 1> 6 (e—¢w) rep-
resents the density of states at energy ¢ weighted by scattering matrix elements. Typically A(e)
is slowly varying on the scale of phonon energies. In contrast, X,,(c) vanishes for energies
le] < £2 and shows a step at {2, because of the presence of the step functions. This reflects the
fact that no phonon modes are available for decay when |¢| < {2. Re X, can be obtained via
the Kramers-Kronig relation

1 Im X, (k, &
Re Eep(k'75) = —/dgl L(le) ) 31)
T E—¢
As shown in Fig. 4(a) it contains a maximum at ¢ = {2 and has a finite slope at ¢ — 0.

The resulting dispersion for the renormalized quasiparticle is sketched in Fig. 4(b). It shows
two characteristics: (i) the dispersion is strongly modified in the vicinity of £ in the range of
phonon energies, altering the Fermi velocity related to the slope of Re X,,(¢ — 0). (ii) A cusp
appears at € = +(2.

For a more realistic phonon spectrum which covers continuously an energy range 0 < w <
Wmax, the step-like feature in Im ¥,,(¢) is washed out, but X, () still varies rapidly in the
energy range of the phonons. The cut in the renormalized dispersion is then replaced by a kink.
An example of an experimentally determined self-energy is given in Fig. 4(c) and (d).
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Fig. 4: lllustration of the renormalization of an electronic band coupling to an Einstein-type
phonon branch with energy §2. (a) Real and imaginary part of the electron self-energy. (b)
Renormalized quasiparticle dispersion, showing a kink at the phonon frequency. (c) Real
and (d) imaginary part of the electron self-energy extracted from angle-resolved photoemis-
sion spectroscopy measurements taken for an electronic surface band of the Cu(110) surface.
After Jiang et al. [8]

The spectral function o?F}, contains the essential information related to the electron-phonon
coupling of the specific electronic state k& = (kv). A convenient measure for the strength of the
EPC is the dimensionless coupling parameter

2F =
Ak:2/dww. (32)

It characterizes the strength of the coupling of a specific electronic state to the whole phonon
spectrum, and depends both on the momentum and band character of the electronic state.

There are two relations which connect this parameter to experimentally accessible quantities.
The first is related to the real part of the self-energy for an electronic band crossing the Fermi

level:
_ ORe X,y (k)

by .
Oe £=0,T=0

(33)

Thus the coupling constant is given by the slope of Re Y, right at the Fermi energy in the
limit 7" — 0. )\ is also called the mass-enhancement parameter, because the quasiparticle
velocity is changed to v;. = vp/(1+\x) and can be interpreted as an enhanced effective mass
m; = mg(1+A;), where m;, denotes the unrenormalized mass. Eq. (33) is often utilized in
ARPES measurements of bands crossing the Fermi level, which attempt to extract the energy
dependence of the real part of the self-energy.
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Fig. 5: (a) and (b) Diagrammatic representation of the two second-order contributions to the
electron self-energy. Blue zigzag lines represent phonons and black lines electron propagators.

(c) and (d) Schematic drawing of Fermi surface and states contributing to the graphs (a) and
(D), respectively.

(b)

A second route to determine the coupling constant of an electronic state is via the temperature
dependence of the linewidth

R(T) =7 [ (02 Fufeu, ) (20(6) + ) + 1)) ). (34)

In Eq. (34), the T-dependence it contained solely in the Bose and Fermi distribution functions.
For T" — 0, it approaches a finite value given by

I(T) — 27 / dw o* Fy (g, w) . (35)
0

With increasing 7, the linewidth increases monotonously. For temperatures larger than the
maximum phonon frequencies, this 7-dependence becomes almost linear, and its slope is de-
termined by the average coupling parameter defined above

This relationship has been widely used to extract \;, from measurements of (7", in particular
for surface electronic states.

3.3 Migdal’s theorem

So far we have discussed the influence of phonons on the electronic properties in lowest order
of the electron-phonon coupling. What about higher-order corrections? A very important an-
swer is given by the Migdal’s theorem, which is relevant for both the normal-state properties
discussed here and the Eliashberg theory of superconductivity presented in the next section. We
give only a very brief qualitative discussion here, more details can be found in literature [9,10,7].
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ImII(w) = Im o~

Fig. 6: (a) Diagrammatic representation of the imaginary part of the phonon self-energy up to
second order in the electron-phonon vertex. Blue zigzag lines represent phonons, black lines
electron propagators.

Fig. 5 (a) and (b) show two next-order corrections to J,. The first is a self-energy contribution
to an inner line and can be taken into account by using the full Green function G for the inter-
mediate state instead of GGy. In contrast, the graph in Fig. 5(b) is a vertex correction. Migdal’s
theorem now states that vertex corrections are small and can be neglected. More precisely, this
is true for those parts of the renormalized Green function which are sensitive to the phonons.
Such contributions involve intermediate states whose energies are close to each other.

Fig. 5(c) and (d) show schematically the Fermi surfaces and states which make a contribution
to the graphs in Fig. 5 (a) and (b), respectively. The first case contains only small energy
differences €15 = £1—¢5 and €;13. In the second case, momentum conservation leads to a large
difference €14. This unfavorable situation can only be avoided when one of the intermediate
phonon momenta becomes small. Migdal showed, that for normal metals the phase space for
such processes is very small, and the contribution from graph Fig. 5(d) is by a factor wp /ep
smaller than that from graph (a), where wp denotes the Debye frequency and ¢ the Fermi
energy. wp/ep is of the order of 0.1 for typical phononic and electronic energy scales.

The phase space argument of Migdal’s theorem breaks down in two circumstances: (i) For a
significant part of processes both phonons have small ¢ (both ky—k; and k3—k; are small). This
can happen in metals with very small Fermi surfaces, for example in low-doped semiconductors.
(i) Metals with a one-dimensional Fermi surface topology (quasi-1D). In addition, Migdal’s
theorem becomes questionable in the case of metals with very small band widths, where the
ratio wp /e is not small any more.

According to Migdal’s theorem, 2/, is well represented by the single graph shown in Fig. 2,
except that (G is replaced by (G, and other contributions can be neglected. According to ar-
guments given by Migdal and Holstein, this replacement again gives small corrections of the
order of wp /ep. [9,11]. Thus to a good approximation it is justified to use G, so the previous
formulas still hold. This approximation does not work anymore for the superconducting state,
as discussed in the next section.

However, the analysis given above rests on a simplified solution of the Dyson equation which
can break down for larger coupling. Then the renormalization becomes much more involved
and requires the solution of the Dyson equation in the complex plane [12]. The spectral function
develops a complex structure, which indicates the break-down of the quasiparticle picture.

3.4 Phonon self-energy and linewidth

The EPC also renormalizes the phononic quasiparticles. The measurement of the phonon
linewidth actually provides another way to gain experimental information about the coupling
strength. We will briefly sketch this approach here.
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The finite linewidth or inverse lifetime of a phonon mode is connected to the imaginary part of
the phonon self-energy by 7, = —2Im I7,(w). The lowest-order contribution to Im /7,(w) is
derived from the diagram shown in Fig. 6

11,(ivy,) = 52]\[ Z ‘gk/

k,k'

2 f(en)—flew)
Go(kr iwn) Go(K'V' iw,+ivy,) N Z‘ I ’“‘ Wnter—en

(37
leading after analytic continuation to the following expression for the linewidth (half-width at
half maximum)

Yy = —2Im I, (w,) = QWNLkZ \gg,’kf(f(gk) — flew)) 6(wg + (ex—ew)) . (38)
k' k

This expression contains the 7-dependence via the Fermi distribution function f. Because
phonon energies are typically small compared to electronic energies, the energy difference
€r—Ey 18 also small, and one can approximate

flew) = flew) = f'(er)(Ex—er) — —f'(er)wy (39)

with f" = df /de. For T' — 0, f'(ex) — —d(ex), and by neglecting w, inside the J-function, the
expression further simplifies to

1
T = 2y P RICSLICYE (40)
Kk

This approximate expression for the linewidth, first derived by Allen [13], is widely used in
numerical calculations. As will be discussed in the next section, v, in the form of Eq. (40)
enters directly the expression for the coupling strength of a phonon mode relevant for super-
conductivity. Thus measurements of the phonon linewidths, for example by inelastic neutron
or X-ray scattering experiments, provide information about the importance of a phonon mode
for the pairing. One has to keep in mind, however, that -, only represents the contribution from
EPC, while the experimental linewidth also contains other contributions like those from anhar-
monic decay processes. Furthermore, approximation (40) does not hold in the limit q — 0 for
metals, because the phonon frequency in Eq. (38) cannot be neglected anymore for intraband
contributions, which involve arbitrarily small energy differences e, —¢ej.

4 Phonon-mediated superconductivity

Superconductivity is a macroscopic quantum phenomenon of the electron system. Its origin lies
in an instability of the Fermi liquid state that leads to a new ground state of correlated paired
electrons (Cooper pairs). In their seminal paper, Bardeen, Cooper, and Schrieffer (BCS) [14]
have shown that this state is stabilized, whenever there exists an attractive interaction among two
electrons. Such an attractive interaction is always provided by the electron-phonon coupling,
which thus represents a natural source for pairing in any metal. EPC is known to be the pairing
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mechanism in most superconductors, which are commonly termed classical superconductors
to distinguish them from more exotic materials where other types of pairing mechanism are
suspected.

The BCS theory treated the EPC only in a simplified form appropriate for the weak coupling
limit. A more complete theory has been soon after worked out applying many-body techniques
(for reviews see, e.g., Refs. [15-17, 10]). The resulting Eliashberg theory [18] extends the
framework of BCS into the strong coupling regime and allows a quantitative prediction of many
properties of the superconducting state. An important property of the superconducting state is
that the quasiparticle spectrum is gaped. The size of the gap plays the role of an order parameter.
In the following, we discuss the essential ingredients of the theory of strong-coupling phonon-
mediated superconductivity, also known as the Migdal-Eliashberg theory. First, we give a sim-
ple derivation of an effective electron-electron interaction mediated by phonons. Using many-
body techniques we then derive the superconducting gap equations and identify the important
quantities related to the electron-phonon coupling, which determine the superconducting prop-
erties.

4.1 Effective electron-electron interaction

The coupling of the electrons to the phonon system does introduce an effective electron-electron
interaction, which can act as a pairing interaction evoking the superconducting state. The gen-
eral approach using many-body techniques will be discussed below. Here a simple but instruc-
tive derivation of the effective interaction is given with the help of a properly chosen canonical
transformation. To simplify the discussion, we will consider the case of a single, spinless quasi-
particle band coupled to a single phonon (boson) mode. The Frohlich Hamiltonian then reads

(9ra = Jierqi)

1
H = ng chk + qu (bflbq + §> + Z Jx.q CL+qu (bq + bT_q> . (41)
k q

kq

Let us consider the Hamiltonian
H:H0+77H1, (42)

where Hj is the unperturbed Hamiltonian, H; the perturbation, and 7 represents an expansion
coefficient, which is considered to be small. The idea is to perform a canonical transformation

H' = e " He™ (43)

and eliminate the first-order term in 7 by choosing the operator S appropriately. Expanding
Eq. (43) in a power series in 7) gives

2
H = H+qlH, 8]+ %[[H, S), 5] + O(nP) (44)

2
= Hy+n(H + [Ho, S})Jrnz[Hl,S]Jr%[[Ho, s), S] + 0. (45)
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To eliminate the term linear in 77 one has to find an S which fulfills the condition
H, +[Hy, S]=0. (40)
Then the transformed Hamiltonian can be written as
H' = Ho+ Her + O(n°) with Hes = %2[H1, S]. (47)

This general approach is now applied to the Frohlich Hamiltonian (41) with Hy = H, + H,,
and nH, = H,.,;,. For the canonical operator we make the ansatz

S = Z Jk,q CL +qCk (xk,qbq + yk,qu_q> ) (48)
kq

The parameters xy o and yi q Will be determined in order to fulfill Eq. (46). Evaluating the
commutators gives

[He, S] = Z 9k .q (5k+q_5k>CTk+qu (l'k,qbq + yk,qbiq> (49)
kq

[Hp, S| = Z gk,chJrqck <—xk7qwqbq + yk,qw_qbtq> : (50)
kq

Using the relation wq = w_q this combines to

H,+[Hy, S] = Z Jk.q clT(Jrqck ((1 + (Ektq—Ek—Wq)Tk,q) by + (1 + (Exrq—Ex+wq)Vk.q) bT_q> :

kq
5D
This expression vanishes when
Tq = (fk — fkrq T Wa) T and  Yiq = (Gk — Eirqg —Wa) - (52)

The last step is to evaluate the effective interaction Eq. (47). The commutator [H;, S| has the
form [Aa, Bb] with A, B o cfc containing products of fermion operators, and a, b oc xb+yb'
containing sums of boson operators. From the general relationship [Aa, Bb] = ABla, b] +
[A, Blab — [A, Bl[a, b] it is easy to see that there are three types of contributions. Keeping in
mind that [A, B] is again a product of the form cc and [a, b] a c-number, the last term represents
a one-body electron operator, which actually can be shown to vanish. The second term describes
an effective coupling of an electron to two phonons, also called a non-linear coupling term.
We are interested in the first term, which is proportional to the product of two fermionic cre-
ation and two annihilation operators, cfecte, and thus represents an effective electron-electron
interaction. Explicitly it has the form

2
n
Hew = 2 Z 9x,q 9x’,—q (yk’ﬁq_xk’ﬁq)CL+quCL/—qu’ (53)
kk'q
= n? Z Ver(k, k', q) clT(Jrqckchqck, (54)

kk’q
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Fig. 7: Diagrammatic representation of the effective electron-electron interaction mediated by
the exchange of a phonon (blue zigzag line). Black lines indicate electronic states.

with
Wq

Veff(k7 k', Q) = gk,qgk/,fq( (55)

5k’_€k’—q)2 — w?‘ )
H.g describes the scattering of two electrons with momenta k and k' into states with momenta
k+q and k’—q by the exchange of a virtual boson with momentum q. This process is sketched
in Fig. 7.

In the context of pairing in superconductors, the effective interaction between electrons with
momenta k and —k is of special importance. Using ¢_ = ¢x and gk —q = gi 4 ONe obtains

Wq

(ek—€kiq)? — w2

Verr(k, =K, @) = |Gk q)” (56)

This effective interaction is attractive (negative) for |ex—ek+q| < wq and repulsive (positive)
for |ex—ek1q| > wq- Eq. (56) shows that the electron-phonon coupling always introduces an
attractive interaction for electronic scattering processes involving small energies of the order of
phonon energies.

4.2 Strong-coupling theory

4.2.1 Nambu formalism

The superconducting state is a macroscopic quantum state, which is characterized by a coherent
occupation of Cooper pairs, i.e., states with (k 17, —k |). In a many-body description, it is related
to the appearance of anomalous Green functions

F(k,7) = —(Trerp(T)ery(0)) and  F*(k,7) = —(Tyc', (7)c}1(0)) (57)

originally introduced by Gor’kov [19]. In the normal state these anomalous Green functions
vanish. Starting from the Frohlich Hamiltonian, one can set up a systematic perturbation ex-
pansion of the normal and anomalous Green functions, with the goal to obtain a set of self-
consistent equations. A necessary step is a partial resummation of an infinite number of dia-
grams, because the superconducting state can not be reached in any finite order of the perturba-
tion.
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A very convenient way to organize this algebra of diagrams has been introduced by Nambu [20].
One starts by defining the two-component operators

C
w, = ( i > e (58)

C_k\l/

and a 2 x2 Green function
Gk,7) = —(TW(r)¥[(0)) = - ( <

B G(k,T) F(k,T)
N (F*(k:, 7) —G(—Fk, —7')) ‘ (59)

In the following, underlined symbols indicate 2x2 matrices in spin space. Switching to the
Fourier transform gives

N O . [ G(kjiw,)  F(k,iw,)
Gk iwn) = 5 /5 dr e Glk, ) = ( F*(k, —iw,) —G(—k, —iw,) | (0

The next step is to rewrite the Frohlich Hamiltonian in terms of ¥, W1, This is most easily done
by using the Pauli matrices

10 01 0 —1 1 0
Io:<0 1)al1:(1 0)712:(2. 0)713:(0_1)- (61)

The non-interacting electronic part is rewritten as

He = epcl,cop = > exUiral (62)
ko k
and the interaction part as
Hepp = Z Z G, CL/UC;W (bq + bT_q> — Z ain. W,I,zgwk <bq + bT_q> . (63)
ko qj k

The bare Green function (related to H.) takes the form

Gy (ki) = (Go(k,iwn) 0 ) _ ((iwn—ak)—l 0 )_1> _ (iwnlo _ €k13)_1-

0 —Go(—k, —iwy,) 0 (iw,+e
(64)
One can show that the Dyson equation retains its usual form
G (kyiw,) = Gyt (kyiw,) — X(k, iw,) (65)

with the inversion performed in the 2-dimensional spin space, where the self-energy X' is now
a 2x2 matrix.

The diagrammatic expansion of the self-energy contains the same diagrams as in the normal
state, with the difference that Green functions and vertices are now represented by 2 X2 matrices.
In particular g{,, is replaced by g{,, 7.



Electron-Phonon Coupling 6.17

4.2.2 Eliashberg theory

The Eliashberg theory is in essence the extension of the normal-state Migdal theory to the
superconducting state. Using Migdal’s theorem, the only important self-energy diagram is again
given by Fig. 2. Within the Nambu formulation this gives

Xk, iw,) = Z Z G T3 G(Kiwn) T3 g D(q, iwy —iws,) . (66)

q k' ,q
Using the Pauli matrices, X' can be written in the general form
Xk, iw,) = iwn(l—Z(k, iwn))zo + x(k, iw,) T3 + Pk, iwn )T, + Pk, iw,)T, (67)

with as yet unknown and independent real functions Z,y,®, and @. From the Dyson equation
one finds

G Mk, iwy,) = iwa Z (k, iw,) Ty (5k+x(k: zwn))zg; — &(k,iw,) T, — Pk, iw,)Ty.  (68)
The inverted Green function is then, using (aory + @ 7) (ao7y — @ - ) = (a§—a*)7,
Gk iw,) = (z’wnZ(k:, iwn)To + (extx(k,iw,)) Ty + B(k, iw,)T, + D(k, iwn)z2> /D (69)

with D = det G™* = (iw, Z)? — (e+x)? — B2 — & . If one uses this expression for Eq. (66)
and separates it into the 7-components, one arrives at four self-consistent equations for the four
unknown functions 7, y, @, and 73

iwn(l_Z(kviwn)) - Z Z |9k’k:

iwn/ Z(l{il, iwn/ )

(q, Wy —iwy,)

~ N, £~ D(E', iwn)
. . . ew + X(K', iwn)
x(k iwn) = —— Z N, k/z |gk’k (¢, iwn —itwn) 'D(k’, W)
D(k,iw,) = Z Z gt ’D(q, iwn —iw,) B o)
’ ﬁ n q k' q i 7 D(k,7 an/)
_ _ , D(K ,iw,)
— q 2 ) n
D(k,iw,) = 3 Z N, k,z |9t D (g, iwn —iwy,) D i) (70)

We note that because momentum conservation determines the phonon momentum, q = k’—k,
the sum over ¢ is actually only a sum over different phonon branches (7).

Quasiparticle properties are determined by the poles of the Green function after analytic con-
tinuation, i.e., from D(k, iw,, — e+id) = 0. This gives

—2
er+x)? PP+
Ek:\/( kZQX) +— (71)

The normal state corresponds to a solution ® = & = 0. Z is the quasiparticle renormalization
factor, and y describes shifts in the electron energies. The superconducting state is characterized
by a non-zero @ or @. From Eq. (71) one can see that the gap function is given by
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D(k,iw,) — iP(k, iw,)
Z(k,iwy)

and describes the energy gap in the quasiparticle spectrum. @ and @ obey the same equations

Ak, iw,) =

(72)

and are expected to have the same functional form up to a common phase factor. This phase
factor becomes important in the description of Josephson junctions, but is irrelevant for the
thermodynamic properties of a homogeneous superconductor. In the following, we choose the
simple gauge ¢ = 0.

4.2.3 Isotropic gap equations

The Eliashberg equations (70) represent a complicated non-linear set of equations which couple

all momenta k with each other. We will now simplify them and derive the so-called isotropic

equations where only the frequency dependence remains. A very detailed derivation was given

by Allen and Mitrovi¢ [10]. Here we only briefly sketch the main steps. (i) We ignore changes

of the phonon quasiparticles and replace D by the unrenormalized Green function
2w

(ivm)? — w?

(i1) Similar to the normal state, the electron-phonon self-energy evokes a significant renormal-

D(q,ivy,) — Do(q,ivy,) = /dw d(w—wy) (73)

ization of quasiparticles only in an energy range +wp around the Fermi energy. It is therefore
appropriate to consider the quantities Z and ¢ only at the Fermi energy. (iii) We consider only
Fermi-surface averages of these quantities. The justification comes from the observation that the
superconducting gaps are often very isotropic. Moreover, in real materials, defects are always
present which tend to average anisotropic gaps [21].

Under these conditions we can replace the quantities Z and ¢ by their Fermi surface averages,

e.g.,
Z(iwy) = ZwkZ (k,iwy,) (74)

with weights wy = d(ex)/N(0), where N(0) = N >+ 0(ex) denotes the electronic density
of states per spin at the Fermi energy. To simplify the following discussion, we will drop the
equation for x thus ignoring the related, often small, shift in the electronic energies. Indeed
X = 0 holds exactly in the limit of infinite band width [17].

Finally, after performing the internal momentum summation in Egs. (70) one obtains the isotropic
gap equations

. ]. wn/
-8 = S )
‘ 1 Aliw,)
A Z = —» A 7
(wn)Z (iwy,) 7T6 zn; (Wp—wp) NEE o) (75)
where A(iw,) = ®(iw,)/Z(iw,). The interaction kernel
B 2wa?F(w)
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contains the electron-phonon coupling via the isotropic Eliashberg function

1 1
0*F(w) =~ X 10kl *8(er) 8(ew) d(w—wy). (77
The set of non-linear equations (75) must be solved self-consistently for a given temperature 7’
and pairing function o?F. The kernel entering both equations is an even function of v,,. It takes
its largest value at v,,, = 0
a?F(w)
—

A= A0) =2 / duw (78)

A is called the (isotropic) coupling constant and is a dimensionless measure of the average
strength of the electron-phonon coupling. Depending on its value, materials are characterized
as strong (A > 1) or weak coupling (A < 1) . Due to the factor 1/w in the integral, low-energy
modes contribute more to the coupling strength than high-energy modes.

The superconducting state is characterized by a solution with A(iw,,) # 0. The largest 7' which
still allows such a solution defines the critical temperature 7. Because o*F(w) as defined in
Eq. (77) is a positive function, (75) always possess such a superconducting solution for low
enough temperatures, i.e., a finite 7.

An important feature of the Eliashberg gap equations is that they only depend on normal-state
properties, which specify a particular material. These comprise the electronic band structure,
phonons, and the EPC vertex, quantities which are accessible to first principles techniques as
discussed in the next section.

At this stage it is useful to make the connection to some normal-state quantities introduced in
the previous section. The isotropic Eliashberg function is related to the state-dependent spectral
function (28) via appropriate momentum averages at the Fermi energy

’F(w) = Z wpa? Fi(e =0,w), (79)
K

while the isotropic coupling constant is given by

k

Similarly, o F' can be expressed in terms of the phonon linewidths derived in the limit 7" — 0,

Eq. (40), as
9 1 1 Yq
a’F(w) = 2=N(O) N, Eq o w—wy) , (81)

which leads to the formula for the isotropic coupling constant

1 1 g

7N (0) N, - w2’

(82)

The dimensionless prefactor 7, /w, in (81) can be interpreted as a measure of the coupling due
to an individual phonon mode. The Eliashberg function is then given as a sum over all phonon
branches and averaged over phonon momentum.
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4.2.4 Coulomb effects

Our derivation up to now was based on the Frohlich Hamiltonian, where the electronic sub-
system is approximated by bands of noninteracting quasiparticles ignoring any Coulomb inter-
action. The largest consequences of the Coulomb interaction are supposed to be build into the
quantities €5 (and similarly into w,). The residual Coulomb interaction among the quasiparticles
can, however, not be completely neglected in the discussion of phonon-mediated superconduc-
tivity. It has a repulsive character and tends to reduce or completely suppress the pairing. The
quantity analogous to the electron-phonon coupling constant \ is the Coulomb parameter

= N(0) (Volk, k) pg (83)

which is a Fermi surface average of the effective screened Coulomb interaction Vi (k, k). 1 is
of the order of 1 and thus not a small parameter. But because the electronic timescale is usually
much smaller than the vibrational one, or equivalently electronic energies are much larger than
phononic ones, only a significantly reduced Coulomb parameter enters the Eliashberg equations.
It was shown by Morel and Anderson [22], that the Coulomb repulsion can be taken into account
by replacing the kernel in the equation for the gap function by

Aliwy—iw,) = (Aliwy—iw,) — p*(we)) O(we—|wn|) - (84)

A cutoff w, 1s introduced which must be chosen to be much larger than phononic energies.
The effective Coulomb parameter or Morel-Anderson Coulomb pseudopotential obeys a scaling

relation

* _ H
Hwe) = 14 pln(eg/we) (8)

€o denotes a characteristic energy scale of the electronic system, where the average matrix el-
ements of the Coulomb interaction become small (¢y ~ few ). In practice, ©* is commonly
treated as a phenomenological parameter of the order of ~ 0.1 for normal metals. A more sat-
isfactory approach, which actually allows to incorporate Coulomb effects from first principles,
is the density-functional theory of superconductors [23].

4.2.5 Transition temperature 7,

The transition temperature 7T}, is solely determined by the material-dependent quantities o F'(w)
and p* A thorough numerical analysis of the isotropic gap equations was carried out by Allen
and Dynes [24], who used a standard spectrum for o> F but varied \ and u* over a large pa-
rameter range. Their study revealed two important aspects. Firstly, they found that in a reduced
parameter space (A < 2 and p* < 0.15) 7. can be well approximated by a 7. formula proposed
originally by McMillan [25], but with a modified prefactor

1.04(1
Tc _ Wiog exp |- 0 ( +)\) '
1.2 A — 1 (140.62))

(86)
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The prefactor contains a properly defined average frequency of the phonon spectrum weighted
with the coupling strength

Wiog = €XP {/dw log(w)W(w)] , (87)
with the normalized weight function
2 a*F(w)
== ) 88
Ww) = (88)

This T, formula is a significant refinement of the BCS formula 7, = 1.13wp exp(—1/\) derived
for the weak-coupling limit. Secondly, while the 7. formula suggests that 7. approaches a finite
value in the limit A — oo, the isotropic gap equations do not possess an intrinsic upper bound
for T.. Instead the asymptotic relationship

T, x /AMw?) (89)

holds, where (w?) is the second moment of W (w).

5 Density functional theory approach

In the previous sections we have outlined the basic theory for the effects of EPC in the normal
and superconducting state. Central quantities are the screened EPC matrix elements, which are
not directly accessible from experiment. Thus it is desirable to have a computational scheme
which allows materials-dependent predictions. The most common approach is based on density
functional theory, which is briefly described in the following.

5.1 Density functional perturbation theory

5.1.1 Basics of density functional theory

The foundations of density functional theory (DFT) have been laid down in the seminal works
by Hohenberg, Kohn, and Sham [26, 27] in the mid 60’s, and are outlined in numerous re-
views [28-30]. It provides a framework to map the complex many-body problem of interacting
electrons moving in an external potential v (r) onto a fictitious system of noninteracting elec-
trons. Their wavefunctions obey a single-particle equation (Kohn-Sham equation) [27]

(—V2 + Ueff(ﬂ)%(r) = eihi(r) . (90)

Here, ¢; denotes the energy of the single-particle state v;. The effective potential veg(r) is a
functional of the density given as the sum of the external potential and a screening potential

Vetr[1] = Vext + Vser[] = Vet + vir[n] + vxc[n] . 1)
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The Hartree and exchange-correlation potentials vy and vxc are functionals of the density
defined as the functional derivative of the Hartree and exchange-correlation energies, Ey[n] =
[d&r [d*r" n(r)n(r’)/|r—1'| and Exc. The density is determined by the wavefunctions via

n®=2mwm2 (92)

with f; the occupation number of the single-particle state ;. Egs. (90) and (92) have to be
solved self-consistently.

5.1.2 Linear response within the Kohn-Sham scheme

In the following we will sketch how one can calculate the linear response to an external pertur-
bation within the Kohn-Sham scheme. As the Kohn-Sham equations describe non-interacting
electrons, standard perturbation techniques can be applied. Let us now consider a small per-
turbation of the effective potential, dv.e. This gives rise to a first-order variation of the single-
particle wave functions
(7 Ovete )
Si(r) = D =L y(r). (93)
— &g
3(F#9)

Using a similar expression for d17 (r) gives
on(r) = 3 fi(WI(r)dvu(r) + 007 (r)i(r) = 3 == (3l Svenli) ¢ (0)855(x) . (94)
i i#j ! J
Keeping in mind, that the effective potential depends on the density, on obtains

ett(T) = OVext(T) + 0ser () = Gvexe (1) + /d3r’ I(r,r") on(r")

N Oue(r)  dup(r) | dvxe(r) 2 ?Exc
) = ey = 5nw) T on) — r—r] | ni)on() ©3)

Eqgs. (94) and (95) must be solved self-consistently to obtain the first-order variation of the

density. Direct evaluation of Eq. (94) is, however, numerically inefficient, because the sum ¢, j
runs over all occupied and unoccupied states and converges very slowly with the number of
unoccupied states included.

5.1.3 Modern formulation: Density functional perturbation theory

An important progress has been achieved by a new formulation of the linear-response approach,
which avoids some of the aforementioned problems. It is called density functional perturbation
theory (DFPT). We will give a brief outline for the case of a non-metallic system, while a
concise description can be found in [31].

In the expression (94) for the first-order density variation, the prefactor (f;—f;)/(e;i—¢;) re-
stricts the sum to combinations where one state comes from the valence space and the other
from the conduction space. Using time-reversal symmetry, this can be rewritten as

() = 23" 1 (e] Suelo) s (e)lr) 96)

Ev — &¢
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Now one defines the quantity

1
A=) |e) (¢| Svegt|v) (97)

Ev —&¢

which collects the summation over the conduction bands. The linear response of the density is

r) =2 i(r)A,(r). (98)

To avoid an explicit evaluation of the sum in the definition of A, one makes use of the following
property

rewritten as

(Hys — €5)|A,) Z| (¢| Svege|v) = — P, Svege|v) = (Py—1) vee|v) - (99)

Here, Hxs = —V? + v is the Kohn-Sham Hamiltonian. P. = Y _|c)(c| denotes the projector
onto the conduction space, and P, = 1— P, the projector onto the valence space. Eq. (99)
represents a linear equation for A,, where only valence-state quantities enter. Solution of this
linear equation turns out to be numerically much more efficient than the expensive summation
over conduction states. In practice, Eqgs. (98), (99) together with (95) define a set of self-
consistent equations which is typically solved in an iterative manner.

We now apply this scheme to the case of a solid, where ions in their rest positions are sitting on
a periodic lattice. Kohn-Sham eigenstates are Bloch states |ki/) characterized by momentum k
and band index v, respectively, and are solutions of Hgs|kv) = €y, |kr). In a periodic crystal,
ions are characterized by two indices [ and s, which denote the unit cell and the ions inside a
unit cell, respectively. We consider periodic displacements of the ions from their equilibrium
positions, R;s = RY, + wy, of the form

. 0 o 0
Upse = dgo€Pis + df e "R (100)

where « indicates Cartesian coordinates. The complex amplitudes d, allow to vary the relative
phase of the displacement. It is convenient to denote the corresponding derivatives by 02 =
adi and 63 = 80(?* .

It is instructive to look at the effect of such a perturbation on the external potential, which is

commonly expressed as a superposition of atomic potentials v centered at the instantaneous
positions of the ions

Veu (1) = ) v,(r—Ry) . (101)

ls

Then its first-order variation, evaluated at the equilibrium positions, is given by

O Vext(T) = — Z VE v, (r—RY, e/l = —¢iar Z ARG (r—RY)) | (102)

The quantity defined by the lattice sum has the periodicity of the original lattice. Thus the
derivative 03 can be considered to carry a momentum q.
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When using a Bloch representation for the electronic eigenstates, the variation of the effective
potential, 09 v.s, connects states of momentum k with those of momentum k+q. The Fourier

> Ysa

transform of the first order density variation takes the form (see Eq. (98))

0An(q+G) = —— Z (kv|e @G| AL (kv)), (103)
where V' denotes the crystal volume. The quantity appearing on the right hand side is closely
related to the first-order variation of the valence state |kv) and is defined by (see Eq. (97))

A9 (ko Z |k+qc) (k+qc| 02, vegr|kv) . (104)
€k+qc — €kv

It is obtained by solving the inhomogeneous linear equations (see Eq. (99))
(His — ko) | AL, (kv)) = (PyT9-1) 6 vee| ko) . (105)

Egs. (103) and (105) together with (95) constitute a set of equations, which is solved self-
consistently for a fixed q to obtain 03 n. As a by-product, also 63 v.g is calculated.

An important application of the linear response scheme is the calculation of lattice dynamical
properties. The electronic contribution to the dynamical matrix (see Appendix A), which deter-
mines the normal modes or phonons, is proportional to a mixed second derivative of the total

energy

1
Dsosp(a) = WITRTR 00 g Ly (106)

which can be expressed as

54 59E = Z( n(G+q)o ,6vext(G+q)+55a58,ﬁvext(G)>. (107)

The fact that this second derivative of the energy only requires the knowledge of the first-order
derivative of the density is a specific case of the so-called (2n+-1) theorem, which states that all
derivatives of the total energy up to (2n-+1)-th order with respect to an adiabatic perturbation can
be calculated from the knowledge of all derivatives of the Kohn-Sham eigenstates and density
up to n-th order. The proof given by Gonze et al. [32,33] essentially rests on the variational
property of the energy functional.

5.2 Electron-phonon vertex from DFPT

We have seen that the lowest-order electron-ion interaction describes scattering of electronic
states via the operator dgr V' which denotes the change of the potential felt by the electrons
due to an ionic displacement. If the potential V is the bare electron-ion potential V9 then

gV =VV° ‘Rou. In the context of DFPT, Eq. (2) would then be identified with
G e = > AY (ktq)| 0 v ki) with  AY = _Mal9)) (108)

\/2Mswqj ’
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W= AL OO

Fig. 8: Diagrammatic representation of the screened electron-phonon vertex within the DFT
framework. Blue zigzag lines represent phonons, black lines electron propagators, and the
dashed lines the effective electron-electron interaction.

where a transformation to the normal-mode coordinates is performed. Physically, g represents
the probability amplitude of scattering a single electron by a simultaneous creation or annihila-
tion of a single phonon. In the form given above is called the bare vertex.

However, in solids, and in particular in metals, the bare electron-ion potential is screened by
the other electrons. Screening also alters the vertex significantly. It is instructive to look at it
from a many-body perturbation perspective. Fig. 8 shows a diagrammatic representation of the
screened vertex. The bare vertex is given by the first graph on the right hand side, and is screened
by virtual electron-hole excitations coupled via an effective interaction. In the context of DFT,
the electron-hole bubble represents the charge susceptibility of the non-interaction Kohn-Sham
system. The effective interaction is given by the kernel I defined in Eq. (95) and incorporates
besides the Coulomb interaction also contributions from exchange and correlation.

In essence this leads to a replacement of the external potential by the screened or effective one

G i = > AY (ktqv/| 63, vegr| kv). (109)

DFPT allows direct access to this screened electron-phonon vertex, because the effective poten-
tial 02 v is calculated within the self-consistent procedure outlined above, which automatically
takes into account the important screening effects. Evaluation of Eq. (109), which is a numer-
ically rather inexpensive task, provides the screened EPC matrix elements on a microscopic
level, including their full momentum dependence and resolving the contributions from different
electronic bands and phononic modes.

DFPT has been widely used to predict lattice dynamical and EPC properties from first principles
for a large variety of materials, and has proven to be quite accurate in predicting the pairing
strength in phonon-mediated superconductors. This is briefly demonstrated by two examples.
The first one is a combined study of EPC by DFPT and neutron-scattering experiments shown in
Fig. 9 for YNiy,B>C [34,35]. This member of the nickelborocarbide family is a strong coupling
superconductor (T = 15.2 K), and exhibits pronounced phonon anomalies related to large and
momentum dependent EPC. Good agreement for both renormalized phonon frequencies and
linewidths as a function of momentum indicates a good predictive power of DFPT for this
compound.

The second example, shown in Fig. 10, addresses the non-centrosymmetric, strong-coupling
superconductor SrPtsP (T = 8.4 K). DFPT predicts that the pairing is driven mainly by a low-
frequency mode, which carries more than 80% of the coupling. The existence of the low-
frequency mode was subsequently confirmed by high-resolution inelastic X-ray experiments
[36].
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Fig. 9: Lattice dynamics of YNisB5C. Left panel: theoretical phonon dispersion and linewidths
(vertical bars) from DFPT. Right panel: time-of-flight neutron scattering results for the disper-
sion (a) and linewidth (c) of a prominent phonon branch compared with predictions from DPFT
in (b) and (d), respectively. After [34,35].

Fig. 10: DFPT results for the superconductor SrPt3P. Left: phonon dispersion and relative
linewidths (vertical red bars); middle: phonon density of states; right: calculated isotropic
o?F. DFPT predicts a soft, but strong-coupling phonon branch, which is the origin of the large
peak in o> F at low energies, and of a large coupling constant of \ = 2. After [36].
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6 Summary

In this tutorial, an introduction to the theory of the electron-phonon interaction in metals was
given. Focus was put on the renormalization properties of electronic and vibronic quasiparticles
in the normal state, and on its role for the pairing interaction relevant for the superconducting
state. This strong-coupling or Eliashberg theory has been tremendously successful in predicting
material-dependent properties of various superconductors in great detail. Density functional
theory provides a rather accurate first principles computational scheme to calculate the relevant
electron-phonon vertex, which is one of the central quantities determining physical observables
like electron renormalization, phonon linewidth, or phonon-mediated pairing interaction. Yet
one has to keep in mind that the Eliashberg theory incorporates a variety of approximations. The
current theoretical challenge is to extend its framework to include usually neglected aspects of
anharmonicity [37], and to quantify electron-phonon coupling effects in materials which are
characterized by small electronic energy scales [38] and/or strong electron correlations [39].
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Appendix

A Phonon quantization

Within the adiabatic approximation, statics and dynamics of the ions are governed by an effec-
tive potential
2(R) =Viu(R) + Ey(R), (110)

where Ey(R) denotes the electronic ground-state energy for a given ion configuration R. The
effective potential (2 builds the starting point of the microscopic theory of lattice dynamics,
which has been outlined in a number of review articles [40-42].

Dynamical properties are derived by a systematic expansion of {2 for atom displacements u
around a chosen reference configuration, R; = R?+ui, leading to

1
QR) = 2R + Y Pa(i) tia + 5 D Papi, J) iatijs + - (111)
1o’ iajf

Greek indices « and [ denote Cartesian coordinates, while ¢ and j are atom indices. The term
of first order is the negative of the force acting on an atom in the reference configuration

_on
R

Fio = =~ (i). (112)

0

It vanishes if one chooses as reference the equilibrium configuration, which minimizes (2. The
second-order coefficients are given by

o 9%02
@aﬁ(zaj) =

= 11
ORia0R;5 (113)

0
In periodic crystals, the atoms are characterized by two indices i = (Is), which denote the unit
cell (/) and the atoms inside a unit cell (s), respectively. For periodic boundary conditions, the
Fourier transform of the force constant matrix is related to the dynamical matrix

Dyoss(q) Is,0s")e AR Re,) (114)

1
= AL ; Pas(

which determines the equation for the normal modes or phonons,

Z Dsasp(q) nss(aj) = ngnsa(qj> : (115)
B

Wq; and 7, (qj) denote the energy and polarization of the normal mode determined by the
wavevector q and branch index j.

These quantities enter into the relationship between the atom displacements and the usual
phonon annihilation and creation operators, b,; and bIU., describing quantized normal modes,
as given in Eq. (7).
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