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We present a theory for the rate of energy exchange between electrons and ions — also known
as the electron-ion coupling factor — in physical systems ranging from hot solid metals to plasmas,
including liquid metals and warm dense matter. The paper provides the theoretical foundations of a
recent work [J. Simoni and J. Daligault, Phys. Rev. Lett. 122, 205001 (2019)], where first-principles
quantum molecular dynamics calculations based on this theory were presented for representative
materials and conditions. We first derive a general expression for the electron-ion coupling factor that
includes self-consistently the quantum mechanical and statistical nature of electrons, the thermal and
disorder effects, and the correlations between particles. The electron-ion coupling is related to the
friction coefficients felt by individual ions due to their non-adiabatic interactions with the electrons.
Each coefficient satisfies a Kubo relation given by the time integral of the autocorrelation function of
the interaction force of an ion with the electrons. Exact properties and different representations of
the general expressions are discussed. We then show that our theory reduces to well-known models
in limiting cases. In particular, we show that it simplifies to the standard electron-phonon coupling
formula in the limit of hot solids with lattice and electronic temperatures much greater than the
Debye temperature, and that it extends the electron-phonon coupling formula beyond the harmonic
phonon approximation. For plasmas, we show that the theory readily reduces to well-know Spitzer
formula in the hot plasma limit, to the Fermi golden rule formula in the limit of weak electron-ion
interactions, and to other models proposed to go beyond the latter approximation. We explain
that the electron-ion coupling is particularly well adapted to averaged atom models, which offer an
effective way to include non-ideal interaction effects to the standard models and at a much reduced

computational cost in comparison to first-principles quantum molecular dynamics simulations.

PACS numbers:

I. INTRODUCTION

Nonequilibrium states of matter where the constituent
electrons and ions are separately strongly driven out of
equilibrium are routinely created in the laboratory. Such
conditions typically occur when a material is subjected
to an impulsive perturbation such as caused by an in-
tense femtosecond laser pulse [1], the irradiation by swift
neutrons and charged projectiles [2], or a strong shock
wave [3]. Understanding the energy exchanges between
and among the electrons and the ions that follow the ex-
citation and drive the system towards equilibirum is a
long standing problem in condensed matter [4-22] and
plasma physics [23-44]. Because of the small electron to
ion mass ratio, it is customary to distinguish two distinct
time scales, namely a short time scale that characterizes
the fast internal thermalization of each particle species,
and a longer time scale that characterizes the slower equi-
libration of the electron and ion temperatures. The lat-
ter, which is the subject of this work, is governed by the
strength of the electron-ion coupling factor.

For solids and weakly coupled plasmas, the central
mechanisms that govern the energy exchanges between
electrons and ions have been known for a long time. In
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the case of solids, the energy exchanges are well described
as resulting from the interactions between electrons and
phonons [8, 45]. Yet, the modeling of energy exchanges
between electrons and phonons remains an active sub-
ject of research driven by increasingly accurate measure-
ments and numerical simulations[16, 18, 19, 21, 22]. In
the case of weakly coupled plasmas, the energy exchanges
are well described as resulting from individual binary col-
lisions between charged particles screened by the surroud-
ing plasma [23]. Different methods have been proposed
and validated with simulations to self-consistently take
into account the effects of the plasma on binary collisions
[33-36, 38].

For systems at the confluence of solids and plasmas,
however, different models [15, 26-29, 32, 37| have been
proposed that offer diverging predictions even for simple
materials (see table I in [44]). This intermediate regime,
which is characterized by the coexistence and interplay
of significant quantum, thermal, disorder and strong
Coulomb interaction effects, challenges the standard sim-
plifying approximations of either ordinary condensed-
matter physics (e.g., band structure, phonons, etc.) or
plasma physics (classical statistics, binary collisions, etc.)
[46]. The last decade has seen remarkable progress in
our ability to form and interrogate in the laboratory ma-
terials under conditions at the confluence of solids and
plasmas [47]. These experiments typically produce tran-
sient, non-equilibrium conditions and measurements may
be misleading if recorded while the plasma species are



still out of equilibrium. Remarkably, the electron-ion
energy relaxation rate is now accessible to experimen-
tal measurements thanks to the diagnostic capabilities
offered by the new generation of x-ray light sources [40—
43].

Motivated by these recent developments, we present
a theory for the electron-ion coupling factor, the rate
of energy exchange between electrons and ions, that ap-
plies to physical systems ranging from hot solid metals to
plasmas, including liquid metals and warm dense matter.
In a recent paper [44], we have presented first-principles
calculations based on this theory for representative mate-
rials of various electronic complexity and over a range of
conditions, but the present theory was only briefly out-
lined without justification. The purpose of this paper is
to provide a detail exposition of the theory, its properties
and its relation to previous models. We focus on the the-
oretical aspects only, the numerical algorithms used to
obtain the results shown in [44] will be presented in an-
other publication. We do not present calculations on spe-
cific physical systems in this paper and refer the reader
to [44] and future publications for such applications.

The paper is organized as follows.

In Sec. II, we derive the general expression for the
electron-ion coupling factor g. The derivation relies on a
recent work presented in Ref. [48], where it was shown,
under mild assumptions suitable for the physical systems
of interest here, that the coupled dynamics of ions and
electrons can be replaced by a simpler, effective classical-
quantum dynamics, in which the atomic motions are gov-
erned by a stochastic Langevin-like equation and the elec-
tron dynamics is described by a master equation for the
populations of the electronic states. By assuming that
the electron and ion systems can be characterized by
separate temperatures, the theory implies that the two
temperatures satisfy coupled rate equations and yields an
explicit expression for the relaxation rate — the electron-
ion coupling factor — in terms of the friction coefficients
felt by individual ions due to their non-adiabatic interac-
tions with the electrons. Each friction coefficient satisfies
a Kubo relation given by the time integral of the autocor-
relation function of the interaction force of an ion with
the electrons. Several equivalent expressions are given
for g.

In Sec. III, we recast the general result of Sec. II in
terms of quantities that highlight the many-body screen-
ing and correlation effects, and that are more easily
amenable to theoretical analysis, practical approxima-
tions and numerical evaluations. We consider three dif-
ferent reformulations, each being based on a different rep-
resentation of the many-body electron response function
in terms of reference response functions, namely the free-
particle, the proper and the Kohn-Sham response func-
tions commonly used in condensed matter and plasma
physics. The formulation in terms of the Kohn-Sham
response function is at the basis of the first-principles
molecular dynamics simulations presented in [44], which
will be discussed at length elsewhere.

In Sec. IV, we show that our theory reduces to well-
known models in limiting cases and suggests improved
practical models. We show that it reduces to the tradi-
tional Spitzer formula in the hot plasma limit [23], to the
Fermi golden rule formula in the limit of weak electron-
ion interactions [27], and to the model of Daligault and
Dimonte in their attempt to include non-linear electron-
ion effects [36]. We then explain that the electron-ion
coupling is particularly well adapted to averaged atom
models, which have proved to be accurate and computa-
tionally much more expedient than quantum molecular
dynamics simulations. We then demonstrate that our
theory also applies to hot solids, namely to solid metals
with lattice and electronic temperatures much greater
than the Debye temperature. The theory reduces to the
standard electron-phonon coupling formula [8] in the ap-
propriate limit and extends the latter by including ionic
motions beyond the harmonic approximation. We finally
relate our theory to a simple model due to Wang et al.
[58], which has served as a reference in recent works on
the temperature relaxation rates in hots solids and warm
dense matter [15, 41].

For clarity, the technical details are presented in the
appendices. Throughout the paper, h is the reduced
Planck constant, kg is the Boltzmann constant, and m,,
is the atomic mass unit, and e = ¢2/4meg, where q. is
the elementary charge and ¢y is the vacuum permittiv-
ity. Rez and Imz denote the real and imaginar parts of
a complex number z. Throughout the paper, t and w de-
note the time and frequency variables and, with no risk
of confusion, f(w) = [ dte™" f(t) denotes the Fourier
transform of the function f(¢). Finally,

(1)

denotes the Coulomb potential energy.

II. DERIVATION AND GENERAL
EXPRESSIONS OF THE ELECTRON-ION
COUPLING FACTOR

A. Definitions and assumptions

We consider a material containing one atomic species
enclosed in a three-dimensional cubic box of volume
V = L3. The material is described as a two-component
system comprised of ions (mass m; = Am,, number
density n; = N/V, charge Ze) and of electrons (mass
me, density n. = Zn;), where each ion consists of an
atomic nucleus and its most tightly bound, unresponsive
core electrons. Throughout the paper, the calculations
are performed by imposing three-dimensional periodic
(Born-von Karman) boundary conditions along each di-
rection of the box; physical results are then obtained in
the thermodynamic limit where both N and V tend to
infinity in such a way that n; remains constant.



The total Hamiltonian of the system is

N p2 N
_ Ji
H = Zm > vi(Rr—Ry)+He(R) (2)
I=1 I,J#I=1
=Vi
with the electron Hamiltonian
Ne p?
H.(R) = —i 3
®) =Yg (3)
N. N
+D > vie(ri —Ry) +Zvc fri = x51).
i=1 =1 N E

= Vee

where v;; and v;. are the ion-ion and ion-electron interac-
tion energies. For simplicity of exposition, the electron-
ion interaction is described by a local pseudopotential
vie(r); in practice, the formalism allows to deal with more
elaborate descriptions, e.g., using plane-augmented wave
pseudopotentials as will be discussed elsewhere.

Below, R,—1, denotes the position of ion I along the
a-direction and R = {Rq }a=1,... .35 denotes the set of all
ionic positions.

B. Effective dynamics of ions and electrons

For the metallic systems of interest here, the dynamics
governed by the complete quantum Hamiltonian (2) can
be replaced by a simpler, effective classical-quantum dy-
namics by making use of the naturally small electron-ion
mass ratio and the existence of a manifold of infinites-
imally separated electronic excitations. More precisely,
we make the following three assumptions:

(i) The dynamics of each ion can be described by that
of the center R;(t) of its narrowly localized wavepacket.
This is justified here, since the thermal de Broglie wave-
length A = hv/27/m;kpT;(~ 0.3/y/AT;[eV] Bohr) of
ions is generally much smaller than the spatial variations
of forces acting on them due to their large mass and the
relatively high temperatures.

(ii) The typical ion velocities are small compared
to the typical electronic velocities. For instance,
for the two-temperature systems considered later, we
assume T;/m; < Trp/m. or T;/m; < T./m.
the degenerate T./Tr < 1 or non—degenerate 1imit
T./Tr > 1, respectively, where Tp = (372 ne)

(~ 1.69 (ne [cm’3]/1022)% eV) is the electronic Fermi
temperature. This condition is generally respected due
to the natural smallness of m./m;, and is challenged only
if T, > T,.

(iii) We assume that there is a quasi-continuum of elec-
tronic states, as it is the case for the metallic systems of
interest here.

K2
2mekp

Under these conditions, the electron and ion dynamics
can be described by the coupled set of equations [48]

P,

— = > (Wam P = W Pr) (4a)

Miz, — Vi + FBO _ M27 Ry+ ¢, (4b)
o ORa ’

B=1

The electron dynamics is described by the master equa-
tion (4a) for the populations P, (t) of the adiabatic elec-
tronic states [n(R(t))) defined by ﬁC(R(t)) [n(R(t))) =
E,(R(t))|n(R(t))). The transition rates between differ-
ent electronic states are given by [59]

(Em—En)|dnm \

Wom = 27h|dpm - VI?e~ 2M1aun V2 §(E, — E,), (5)

where V=R represents the full set of atomic velocities
and the non adiabatic couplings d,,,, = (n|Vr|m).

Each ionic position follows a stochastic Langevin-like
equation (4b), where

FBO

ZP ) fiin (t)

is the adiabatic Born-Oppenheimer force, which includes
the interactions between ions and with the instanta-
neous electrostatic potential of electrons, where f2, (t) =

(n|—V g, He(R(t))|n) represents the force exerted on the
degree of freedom R, by the state [n({R(t)})). The
other terms describe the effect of non-adiabatic transi-
tions between closely spaced electronic states induced
by the atomic motions and electronic excitations. These
terms, which are not accounted for in current quantum
molecular dynamics simulations, are responsible for the
constant, non-reversible, energy exchanges between elec-
tron and ions. Like the buffeting of light liquid particles
on a heavy Brownian particle, the non-adiabatic effects

produce the friction forces —M ”yg;]Rﬁ, where

R] mh

P, - P,
Yapg = M -

B

B fin S8 (Bu = B, (6)
n#m
Here, the out-of-diagonal force matrix elements are de-
fined as f2,, = (n|—Vg, He(R(t))|m). The symbol [R] is
used to indicate that the quantity depends on the instan-
taneous atomic configuration of the system. However, in
order to avoid cluttering the mathematical expressions,
we do not always indicate the dependence on [R].

The second term is a d-correlated Gaussian random
fluctuating force, &ER] (t), that satisfies the following two
conditions

<P > =, (7)
BRI
<) > = SEe-1).  (©®)



where < ...
noise, and

> denotes an average over the Gaussian

B =71 > (Po+ Pu) £ fond(En — En) . (9)

n#m

C. Application to a two-temperature plasma
1.  General result

For our present purpose, we assume throughout the
rest of the paper that the material can be described as
an isolated, homogeneous, two-temperature system char-
acterized at all times ¢ by the temperatures Te(t) and
T;(t) of the electronic (e) and ionic (i) subsystems. (We
could in principle relax the homogeneity condition and
add an external energy source, e.g. a laser, but this is
not necessary here.) The instantaneous electronic popu-
lations are then P, = e_E"/kBTe/Z with the canonical

partition function Z = Tre —AM kT, — >on e~ En/ksTe,

The temporal evolution of the temperatures can be
obtained by applying the evolution equations (4a)-(4b)
to the ensemble averaged kinetic energy of the ions

Kion(t) = <%MR2(t)> and to the internal energy of elec-
trons Fejec(t) = < Yo Pu(tE, (t)> As shown below, this

yields the rate equations

(RO 0) (10a)
= —m-Tl, (o)

where ¢! = V=19[3NkgpT;/2]/0T; = 3n;kp/2 is the ki-

netic component of the heat capacity of the ions, ¢, =
V’18< >on PnEn>/8Te is the electronic heat per unit vol-
ume, and g is the electron-ion coupling factor of interest
here given by

o1 1) = ks 5> Zle @.1)).

We show in Sec. II D that the friction coefficients 7([1%}
and the resulting coupling factor g can be written in
the form of standard Kubo relations like the ordinary
electronic and ionic transport coefficients. The physical
content of Eq.(11) is discussed in the following sections.
Before, we present a derivation of Eqs.(10) and (11).

2. Proof of Eqs.(10) and (11).

Equation (10a) for the ionic temperature can be read-
ily obtained by recalling the close relationship between
the Langevin equation and the Fokker-Planck-Kramers
equation [60]. The swarm of trajectories generated by

Eq.(4b) can be described by the probability distribution
function

F(R,V, 1) = <5(R - R(t))zS(V - R(t))> . (12)

with R,V € R3" and (...) represents the double aver-
age (< -+ >) over the noise and over the initial distri-
bution function. The distribution function f satisfies the
Fokker-Planck-Kramers equation

+ZV

d
= Z EITA [”Yaﬁ (Vaf) +
a,B=1 @

Remark that this equation, which governs the full distri-
bution functions of the ions, should not be confused with
the celebrated Fokker-Planck equation for the single-
particle distribution function that is widely used in ordi-
nary plasma physics [61]. From this evolution equation,
we find the time evolution of the kinetic energy of ions

N FBO of
M 0V,

(13)

Bags 0
2M? OV

Kion(t) = [[ LMV2 (R, V,#)dRdV,
dK; 3N,
wwon — BO
— § // Vo FEOf(R,V,t)dRIV (14)

B
i+ Z / / [ Yaa MV2 + F(R,V,t)dRAV .
By assuming a Maxwellian velocity distribution at tem-
perature Tj(t), i.e. f(R,V,t) oc emMV?/2ksTi(t)  the ki-
netic energy Kion(t) = 3NkpT;(t)/2 and Eq.(14) simpli-
fies

dK;on  3Nkg dT}(t)
= 1
dt 2 dt (15)
3N 3N
Baa
= - ao k Tz .
(2 omie (32 357)

Since we also assume a thermal distribution of adiabatic
states at temperature T,, Yoo and B, satisfy the rela-
tion Bao = 2MkpTeYao (compare Eqs.(6) and (9), see
details in [48]), and Eq.(15) reduces to the desired result,
Eq.(10a).

The equation (10b) for the electronic temperature is
obtained by combining Eq.(15) with the conservation

equation % <%MR2 +Vi+>, PnEn> = 0 and with
the property d(Vj;)/dt = 0 that is easily shown using the
Fokker-Planck-Kramers equation. A proof of the energy
conservation equation can be found in Ref. [48]. This

yields the desired result for the rate of change of the
electronic energy Felec,

1d
__Eccc = - Te_na 1
A (Ba) = ~o(T, ~ T) (16)
or, with ce = V" 10(Eejec) /0Ty,
e _ g —m). (17)

dt



D. Kubo relations for the friction coefficients and
the electron-ion coupling. Sum rule.

Under the two temperature assumption considered
here, the electronic populations are

o—En/kpT.

P, = = , (18)
and the general expression (6) for the friction coef-
ficients can be effectively written compactly in the
form of ordinary Kubo relations, i.e. as time integrals
of correlation functions. The different expressions
below result from well-known relations between ther-
mal correlation functions, response function and
their Lehmann representations [49]; their defintions
are recalled for convenience in appendix A. Below,

e~ He/kpTe

<...>C_Tr{T...

over the electronic subsystem.

] indicates the thermal average

i) With Eq.(18), the expression (6) can be written
compactly as (see Eq.(Al))

o I [ P S ¢ [
T T ONkpT, /_Oo op () At = oy Ko (0 =0)
(19)

in terms of the Kubo correlation function

1/kpT. X X
ER(t) = kpT. / dA<ekH£R] S fse M (1) >
i (20)
where fa—r.(t) = _eiHet/n Or, H, e~ Het/M is the force
operator at time ¢ between ion I and the electronic

subsystem along the z-direction and & f, (t) indicates the
same operator deprived of its diagonal matrix elements,

Le. (0fa)nm = frm(l = bn,m).

ii) Using the property (A4), the relation (19) can be
written in terms of the electron-ion force-force correlation

function ( fa (t)5f6 (0) e

R] _

Tap = WBTER‘% /0 dt(ofa(t)3f5(0))e . (21)

oI T) = ot <iNZR / wdt<5fa<t>5fa<o>>c>

3
3kgn; [ 1 X
- (o d dra fo , Tmy B! —0)f,
i <3Naz_1/v r1/V 2 fo(r1)OuImyie (r1, 12, w = 0) fo(ra) ),

vi) The electron-ion coupling (11) equals the trace of
the matrix 5B = {”yLR[]B} of friction coeflicients. Other

iii) Equation (21)
of the symmetric
function qu (r1,ro,t) =
dne(ra,0)0M6(r1,t) )e as follows

can be expressed in terms
electronic  density correlation

%< 5ﬁc(r1a t)aﬁc (1‘2, 0) =+

[R] 1
Va8 = NkpT.

X‘/Vdrl/Vdr2fa(rl)s‘£§](r17r27w:O)fﬂ(r2)'

(22)

where

fa=12(r) = =VRr,_ vie(r —Ryp), (23)

is the force along the z-direction between the ion I and
an electron located at r. Equation (22) is easily obtained

using Or, He = [,, dr Or, vie(r — Rp)ite(r) in Eq.(21).

iv) The expression (19) can also be written in terms

of the electron response function (a.k.a. susceptibility),

By ra,t) = —L10(t)( [0t (r1,1), 0te(r2,0)] )e of the

electronic subsystem in the frozen ionic configuration R,
as follows

1
R
Tos =~ (24)

X / dry / dra fo(r1)d,Imyx B (r, vy, w = 0) fa(rs) .
% %

This is easily found using Eq.(22) and the fluctuation-
dissipation relation (A5) between X[cl;l] and Sé‘;‘]. We
shall mainly rely on the expressions (21) and (24) in the

reminder of the paper.

v) With the help of the previous expressions, the
electron-ion coupling factor (11) writes as

(25a)

(25b)

combinations of matrix elements satisfy remarkable prop-



erties. Most remarkably,

Zvlz y, =0 foralazy, (26)

and, therefore,

for the sum of all matrix elements. These sum rules,
which are physically related to the conservation of mo-
mentum, are proved in appendix C.

IIT. ELECTRONIC SCREENING, EXCHANGE
AND CORRELATION EFFECTS

Thus far we have given general expressions for the fric-
tion coefficients and the electron-ion coupling factor in
which the electrons are not described individually but
are described as a single entity. For instance, the elec-
tronic states |n(R)) in Eq.(6) are many-body states, and
the response function X[c]?] in Eq.(24) is the full density-
density response function of the electronic subsystem. In
this section, we recast these results in terms of quantities
that instead emphasize the individual character of elec-
trons. The many-body screening and correlation effects
are displayed more distinctly in terms of dielectric func-
tions and local field corrections. To accomplish this, we
express the full density-density response function X[cl;l] in
terms of the response of a reference system of indepen-
dent particles. We shall consider three different reference
response functions that are often used [50], namely the
proper response function, the non-interacting response
function, and the Kohn-Sham response function. As we
shall show in Sec. IV, previous models for g are easily
recovered from these reformulations.

For pedagogical clarity, we follow the same line of pre-
sentation in each case. To this end, we recall that the

response function X[cl;l] gives the change in the ground-

state electronic density ngo) through
6n€ (I‘, w) = ne(rv w) - ng)) (I‘, w)

= / dr X[ ](r,r/;w)évext(r/uw)ﬂ (28)
\%4

when the electron subsystem in the frozen ionic configu-
ration R is perturbed by a weak time-dependent scalar
potential dveye(r,t) [50].

A. Relation to the proper response function

The proper density-density response function ¥®! al-
lows to write Eq. (28) as [50]

5ne(r,w)=/ dr' Y® (e, v w)dvee (', w) (29)
v

in terms of the screened potential

s (T, W) = GVexs (T, w) + / dr've(r — r')on.(r',w).
v

(30)
This is the potential experienced by a test particle (i.e.,
a fictitious particle that does not disturb the system in
which it is embedded) in the electron gas due to both the
external potential and the Coulomb field created by the
density pertubation dn. induced by dve,¢. This potential
does not account for the correlation that exists between a
given electron of the electron gas and the other electrons.
By definition, these correlation effects are implicitely in-
corporated in the proper response function y®I.
The proper response function Y™ is related to the
full response function XL{Z‘] through the integral (Dyson)
equation,

X[ee r17r27 [R](r17r27 ) (31)

/dr/ dr' Y® (e, v w)ve(® — ) Bl 1y, w) .

Using this relation in Eq.(24), it is straigthforward to

(R]

write the friction coefficient Vap B8 (see appendix B 1)

- 32
/YozB M ( )

X /drl/ drgfgj(rl)('“)wlm)z[m(rl,rg,w:O)fg(rg),
v v

where the f II represents the force of interaction along
the z-direction of ion I and a test charge,

fhe) = / dr fo(r)el (r 0 = 0)7, (33)
1%

) = / dre® (e r,w = 0 falr),  (34)
\%

in terms of the inverse of the left (L) and right (R) di-
electric functions

en (e ry,w) = 0(r —r1) — / dr' {® (r, v w)ve (v —11)
v

e®l(r 1y, w) = 6(r —11) - / dr'vo(r — ) AR 1, w)
1%

Note that the definition of the left (L) and right (R) di-
electric functions is needed at this level of generality since
the system is embedded in the inhomogenous background

of the ionic configuration R (for homogeneous systems,
€1, = er (see Sec. IV)).

With Eq.(32), the electron-ion coupling factor becomes



g(TEa E) =

The expressions (32) and (35) make a good starting point
of further theoretical analysis because the proper re-
sponse function — or irreducible reponse function — lends
itself well to advanced perturbative methods in order to
systematically include the correlation effects beyond the
mean-field approximation [50-52]. This goes beyond the
scope of the present work and, instead, we shall now
consider another representation where these important
many-body effects appear even more visibly in terms of
local field corrections.

B. Relation to the ideal gas response function

It is also common to express the deviation dn. as the
induced density of a noninteracting (free) electron gas
such as [50]

dne(r,w) = /dr’XgR](r,r’;w)évcﬁ-(r’,w) (36)

where x([JR] is the density-density response function of the

inhomogeneous, free-electron gas in the static ionic con-
figuration R, and dveg is the effective potential

et (T, w) = dvsc(r,w) (37)
/drl/ drsvc r—rl)G[ ](I‘l,l‘g, )one(ra, w)

In contrast with the previous section, here, it is the free
electron response function that does not include the cor-
relations existing between a given electron and the other
electrons of the gas. These correlations are included
through the last term of the effective potential by means
of the so-called local field correction GIo (ri,ro,w) (we
extend standard definitions for the homogeneous electron
gas [50, 53] to the non-homogeous case).

The response functions X([jlcﬂ and X([JR} are related
through the integral equation
A (r1,15,0) = XG0 (1,12, ) (38)

+/ dr/ dr'x b (e, w) KR (o) B (1 ra, w),
174 174

with the interaction kernel

K®(r v w) = Uc(r—r')—/ drive(r—r) G (r), 1| w).

1%
(39)
As shown in appendix B 2, with this relation, the friction
coefficient (24) can be written as the sum of two terms,

Bkpni [ 1 o~ // L “[R R
— — dridra ) (r 9, Imy! }r,r,w:Ofa r . 35
i <3N; | dradrz (r1) (r1,12 )fa (r2) (35)

The first term writes as

_ [R] 1

/dr/ dr’ fF ()8, Imy [ (r, 1/, w=0)f3(r),

the spatial derivative of the effective screened potentials
are given respectively by

frm) = / drfa@e® (e, w=0)",  (42)
\%

FR(ry) = / dre® (1m0 = 0 fulr),  (43)
\%

where the electronic screening effect is described by the
inverse of the (electron-test charge) dielectric functions

e, ey, w) =6(r —1y) — / dr'x (e, x, w0) KR (1 vy, w)
\4
EIZ[{R] (r,ri,w) =68(r —ry) — / dr' K1 (v, v/, )V (v o1, )
\4

By comparison with Eqs.(25), we see that ﬁg;] can also

be expressed as follows

1 > 3 F
W = S Re / dt ()6 0)),

in terms of the corrrelation function {4&fZ(t)5fE(0) >e
of the electron-ion force screened by the electron-
test charge dielectric functions &p, r, where fL-F(t) =
eihgt/hf_é*Refihgt/h and f}g = % + Zé\le vie(t — Ry)
is the Hamiltonian of a free electron moving in the back-
ground of the ionic potential.

The second term in Eq.(40) writes as

1
5%43 = -
(44)
X Im/ dr/ dr'n K®(r, v w = 0)nj(r),
where n/, fv dr’ fo (v Xee (r’, r,w=0).

We expect that for many systems the second term
will be a small correction to the first term. In prac-
tice, the frequency dependence of the local field correc-
tion is poorly known and the so-called static approxi-
mation Gio (ri,ro,w) = GH (r1,r2,w = 0) is commonly
used; in this so-called static local-field correction approx-
imation, the last term cancels out and WLR;;} = WLRL,}

With Eq.(40), the electron-ion coupling factor becomes



g(Tev TZ) =

_%Md_Lgﬁm[/ﬂWFﬁWXw@fw—mF%U
M \3N =~ v « SR g

Skpn; [ 1 X //
- — S Im [/ drdr'n!,(r)d, K®(r,x' w = 0)nl,(r') ) . (45)
(e ]

C. Relation to the Kohn-Sham response function

The previous expressions in terms of the proper re-
sponse function or in terms of the local field corrections
are useful for theoretical analysis using many-body tech-
niques and for the developments of practical models (see,
e.g., Sec. IV). Another approach consists in expressing
Eq.(25) in terms of quantities directly accessible to ab-
initio simulations. The formulation in terms of the Kohn-
Sham response function described here is at the basis of
the first-principles molecular dynamics simulations pre-
sented in [44]. We restrict ourselves to the presentation
of the exact expressions; the practical algortihms used
to numerically evaluate them will be discussed at length
elsewhere [54].

The most important among these methods is Density
Functional Theory (DFT) [55], in which the density de-
viation Eq.(28) can be written as

dne(r,w) = /dr x&s](r ' w)ouES (v, w)

where the effective interaction

5v§ffs(r,w) Mext (T, w) + / drive(r — r1)one(r1,w)
1%

—|—/ drlfg[clj](r,rl,w)éne(rl,w)

v

= 5Usc(r,w)+/ drlfg[c?](r,rl,w)éne(rl,w)
v

is the sum of the external perturbation dvey; and of
the linearized Kohn-Sham potential. The latter con-
sists of the sum of the linearized Hartree potential and
of the linearized exchange-correlation potential, where
i [ne](r, ¥, w) is the so-called exchange-correlation ker-
nel [55]. The Kohn-Sham density-density response func-
tion is given by [55]

)7) (e (r2)ld)
(46)

. P —Dj o
=1
ng&; hw+¢€; — ¢ +zn< iffte(x

where pi = 1/ [1 + e~ (W(Te)=e)/keTe] j5 the Fermi-Dirac
function at temperature T,and (r|i) = ¢;(r) are the
Kohn-Sham wave functions, obtained from the solution

of the following set of equations

h2
[— %VQ + UKS(I')] ¢i(r) = €;¢i(r) (47)

where

N
vKs[ne](r) = Z Vie(r — Rp) + v ne(r) 4+ vye[ne)(r)
- (48)

is the Kohn-Sham potential, vg[ne](r) = €2 [, dr’ =)

=
Uxe[ne](r) is the exchange-

is the Hartree potential,
correlation potential, and

AN (19)

is the ground state electron density of the physical sys-
tem. The present approach differs from the one of the
previous section in the fact that, unlike XER} that de-
scribes the response of a free electron gas to the poten-
tial (51}%1 (r), the Kohn-Sham response function is the
response of a system of free particles moving under the
effect of the self-consistent Kohn-Sham potential dvkg(r),
Eq.(48).

The response functions X[el;{]
through the integral equation [55]

and ths] are related

Xee I‘l,rg, )_X%S](rlulbu ) (50)

/ dr/ dr’ XKS r,r, w)Kgg(r,r’,w)x[clcﬂ(r’,rg,w),

where the kernel KI[(%] (r,r',w) is now given by the sum
of the Hartree and exchange-correlation contributions

Kl (v, w) = vo(r = ') + fBn(r, ', w),  (51)

Using Eq. (50) into Eq. (24), each friction coefficient
becomes the sum of two contributions,

Yo = Vg + g (52)

The first term is

1
Top =

i (53)
x Im [ dry / drgfo%(rl)awx% (r1,ro,w = O)f,@R(rg),
v v



where the spatial derivative of the effective screened po-
tentials are given respectively by

Frey) = / dr fo (1) (r, 11,0 = 0) 7!
1%

FRry) = / drz (v, v,0 = 0) 7 fu(r),
\%4

and the screening effect of the electronic subsystem is
described by the inverse of the dielectric functions

éIER](r,rl,w) =4(r —r1y) —/ dr'x%?s](r,r’,w)Kgg(r',rl,w)
v

éf[{R] (r,r1,w) =68(r —ry) — / dr'Kgg (r,r’,w)xgg (r',r1,w)
v

By comparison with Eqs.(25), we see that ﬁg;] can also

be expressed as follows
~[R] _ FL R
W = gyhe [ an(a7@iito) 61

in terms of the corrrelation function <5f£(t)5f§(0)>
of the KS particle-ion force screened by the KS partiﬁ
cle -test charge dielectric function £, r, where fL2(t) =

- ~ 2 2 .
eZtht/th{*Reﬂtht/h 2‘376 + vrs(t) is the
KS Hamiltonian.

s and }ALKS =

g(TEa E) =

We find important to remark that Eq.(57) is an exact
rewriting of the Kubo formula (21). It does not cor-
respond to the Kubo-Greenwood approximation that is
widely used to calculate other transport properties such
as the electrical and thermal conductivities. In the Kubo-
Greenwood (KG) approximation, the Kohn-Sham wave
functions are assumed to represent the single-particle ex-
citations of the electronic system, i.e. the many-body
electronic states are approximated by Slater determinant
of KS orbitals. Here, this approximation amounts to set

XLE‘] in Eq.(24) equal to X%, yielding

1
15y =~ —M//Vdrldrzfa(rl)awlmX% (r1,12,0)f5(r2)

~ sirRe / at (SFECWIFEC0))  (59)

which should be compared with Eq.(52). Here fXC(t) =

The second term in the expression (52), instead, repre-
sents a quantum many body correction including all the
memory effects

sy = —% (55)

X IIIl/ dr1/ drgn;(rl)awf,[s}(rl,rg,w:O)n’ﬁ(rg),
14 \%4

where n,(r) = [, dr'fo(r ch (r’,r,w = 0). In prac-
tice [54] the frequency dependence of the exchange-
correlation kernel remains poorly known [56, 57]; we ex-
pect it to be a small correction to the first term for many
systems.

We note that the sum rules (26)-(27) discussed in
Sec. IID become (see Appendix B 2)

N

~ R
YA =0, Z R, = (56)
LJ=1 LJ=1

for all x,y. In practice, these sum rules provide a useful
test of the accuracy or the consistency of the numerical
calculations.

By using Eq.(52), the electron-ion coupling factor be-
comes

Bkpni [ 1 wx . .
- ]@ <W Zlm// drldrgf(f(rl)awxg?s](rl,rg,w = O) BR(I'Q)>

3anl <3}V Zlm// dr1dr2n (r1)0, f[ (ri,ra,w = O)nlﬁ(r2)> (57)

—eihist/hgp Vi e~ihist/h g the bare electron-ion force
propagated by the Kohn-Sham Hamiltonian. Unlike the
force fo in Bq.(54), £ fails to include the effects of the
electronic screening on the electron-ion interactions. As
a consequence, the KG approximation (58) can be shown
to diverge logarithmically at large interparticle distances
|ry — r2|. This is fully analogous to the well-known in-
frared divergence that occurs in the basic calculations of
scattering cross sections in plasma physics when screen-
ing effects are neglected [23].

IV. RELATION TO OTHER MODELS

The electron-ion coupling formula (25) includes self-
consistently the quantum mechanical and statistical na-
ture of electrons, the thermal effects and the correlations



between all particles. In this section we show that our
theory reduces to well-known models developed in plasma
and condensed matter physics when one or several of
these effects are treated approximately or neglected.

We begin in Sec. IVA and IV B with discussing the
reduction to the Spitzer formula in the hot plasma limit
[23], to the Fermi golden rule formula in the limit of weak
electron-ion interactions [27], and to the model devel-
oped by Daligault and Dimonte that includes important
electron-ion correlation effects [36]. We then explain that
the problem of the calculation of the electron-ion cou-
pling is particularly well adapted to average atom model
calculations. In Sec. IV C, we show that our theory also
applies to hot solids, namely to solid metals with lat-
tice and electronic temperatures much greater than the
Debye temperature. When the ionic motions are de-
scribed within the phonon approximation, our theory re-
produces the standard electron-phonon coupling formula
[8] in the high temperature limit; the full formula includes
effects beyond the harmonic approximation. Finally, in
Sec. IV D, we relate our theory to a simplified model of
the electon-phonon coupling factor due to Wang et al.
[58].

In the following, vie (k) = [drve(r)e”*T and ve (k) =
4me?/k? are the spatial Fourier transforms of the
electron-ion and Coulomb interaction potentials.

A. Reduction to the Spitzer model and the Fermi
golden rule formula

In the general formula (25), the effects of the interac-
tions between the ionic and electronic subsystems are in-
cluded non-perturbatively. Simpler models are obtained
if one assumes that the interaction v;. is weak. Then,
to lowest order in v;., the response function XLE] can be
approximated by the density-density response function
Xjer of the homogeneous electron gas (a.k.a. jellium) at
temperature T¢, i.e.

Xge{] (r,r’,w) ~ Xjel(|r - r’|,w) :

With this approximation, the electron-ion coupling for-
mula (25b) becomes

ani
M

X // drldrgﬁvie(rl) . 6’01'6(1'2) 8wIijel(|r1 - I'2|, 0)
\4

9(Te, Th) = — (59)

In the thermodynamic limit, this expression is conve-
niently rewritten such as

ani
2m2 M

g(Te, T;) = — dk |vie (k)* E*0,Imx et (K, 0)
0

(60)
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where Y (k,w) = [dryje(r,w)e ™. Similarly, the for-
mulas (35) and (45) become
9(Te, T;) (61)
_ km [T Vie (k) 2 4 .
T TN '1 “oeRtn0)| * Ok 0)
and
9(Te, T3) (62)
_ ke [T Vie (k) ’
22 M 1—vo(k)[1 — Gee(k,0)] xo0(k,0)

x k* [0,Imxo(k, 0) + |x0(k, 0)|*vc (k) Dy Gee (k,0)]

where Y, xo and G are the proper response function,
the non-interacting (a.k.a. Lindhard) response function
and the local field correction of the jellium model [50].
Equations (60), (61) and (62) correspond to the so-called
‘Fermi golden rule formula’ for the electron-ion coupling
derived in Ref. [27] by first calculating the energy ex-
changes between the electron and ion subsytems within
the framework of linear response theory and then by tak-
ing the small ion to electron velocity ratio into account.

The relation of Eq.(60) to the celebrated Spitzer for-
mula was discussed elsewhere (e.g., see [36]), and we only
briefly recall the result for completeness. When electron-
electron correlation effects are neglected, x = xo and
Gee =0, and

ani
2m2 M
vie (k) 2

. /oOOdk ‘ 1 —we(k)xo(k,0)

The familar plasma physics results are recovered using

g(Tev TZ) =

(63)

E*0,,Imyo(k,0)

the Coulomb interaction v;.(r) = —Ze?/r in Eq.(63),
yielding
o (2mme M)1/?
T,.T) = dn 2 Sy I 64

in terms of the Coulomb logarithm

> dk kA
1nA_/O ?mf(kﬂ) (65)

with the screening length A, = 1/4/4me2xo(k,0) and
f(k) is the Fermi-Dirac function (see Eq.(A10)). In the

classical limit i — 0, f(k) = 1 and Agc = /kpTe/4mn e?
is the Debye-Hiickel screening length, and Eq.(64) be-
comes the celebrated Spitzer formula, which logarithmi-
cally diverges at large k. In the non-degenerate limit,

Eq.(65) becomes InA = [ dkm —AZk?/8

vergent, where \e = h/v/m.kgT. is the electronic ther-
mal de Broglie wavelength.

e is con-



B. Going beyond the weak electron-ion interaction
approximation using average atom models

In the previous section, we have discussed the general
expression (25) in the limit of weak electron-ion inter-
actions. Here, we discuss approaches to go beyond this
approximation. To this end, we remark that the formula
(11) can be written as

g(TC;ﬂ) = 3aniF(T87Ti)5 (66)

where

(T,,T;) = < ZVRJ (T, T;) > (67)

can be regarded as the averaged friction coefficient felt
by any ion in the system along any direction of motion.
A natural approximation for I' consists in identifying it
with the friction felt by a single impurity embedded in an
electron gas (jellium) or by a slow projectile (i.e., whose
velocity is much smaller than the electronic velocities),

P GM;BT Re / Ttk - oh0))e (68

where f is the force between the impurity and the elec-
trons. This problem has been extensively studied in the
past (see, e.g. [62]) and, for completeness, we recall
results useful to the present work. When the electron-
impurity interaction is treated within the framework of
linear response,

— 1 > ) 254 )
r= 6772M/0 dk |vie (k)" k*0uImyjer (k,0) . (69)

When used in Eq.(66), we, not surprisingly, retrieve the
Fermi golden rule formula (60) discussed above.

As suggested in Ref. [63], the so-called ‘disconnected
approximation’ can be used to extend Eq.(69) beyond
the weak electron-ion interaction approximation. This
approximation, which originates from works in the clas-
sical kinetic theory of strongly coupled plasmas [64, 65],
neglects the effect of the slow impurity on the electron
dynamics, but accounts for the average distortion of the
electronic density around the impurity. It amounts to re-
placing in Eq.(69) the term v; (k)2 by vie(k)?[1—Gie(k)],
where G, is the electron-ion local field correction G;e(k),
yielding

9(T., T)) (70)
__ ksm [ ‘ Vie (k) ’
22 M 1—Uc(k)[1_Gee(k7O)]XO(kaO)

X [1 = Gie(k)] k*0,,Tmyo (k,0)

This corresponds to the model derived by Daligault and
Dimonte in [36] using a very different method. We refer
to Ref. [36] for a detailed discussion of Eq.(70).
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Let assume for the moment that electron interactions
can be neglected (V.. = 0). Electrons then move inde-
pendently in the potential of the ionic impurity and the
Kubo relation (68) can then be expressed in terms of the
basic scattering properties of the electron-ion potential
vie (see e.g. [62]), which gives

h27’Li

o) = S T,

(71)
X /OOO dk kSTLFD(Ek) (1 — nFD(ek)) Utr(k)

where ¢, = h2k?/2me, npp(e) = 1/(1 + e~ (r=)/kaTe) ig
the Fermi-Dirac distribution, and oy, is the cross section
for binary collisions

47

k2
l

o (k) = (1 +1)sin2 (6,(k) — d131(k)),  (72)

where §;(k) is the phase shift of the I'! partial wave at
momentum #k calculated for the spherically symmetric
vie(r) (see appendix E). This formula is applicable to
any temperature T,. In particular, at T, = 0,

thnik}f—.
w2 M

and, at high T, the result (71) agrees with that obatined
from the classical Boltzmann-Lorentz kinetic theory [66]

g(Te, Ti) = our(kr), (73)

8mkpnineme

o(T. 1) = =20

(2mmekpT,)® QYD (74)

with

[kgT. [ _ 2mekpTe
QL) — ﬁ/ dve V2Utr (@7) (75)
e JO

The result (71) can be effectively used in conjunction
with an average atom model to include the effects of elec-
tron and ion interactions that affect the electron-ion cross
section in a plasma. Average atom models have been a
quite popular approximate method to model both the
equation-of-state and transport properties of dense ion-
ized matter [37, 67-69]. They have proved to be accurate
enough to be useful while being computationally much
more expedient. An average atom model assumes that
the physical system is spherically symmetric about a cen-
tral nucleus and one calculates with finite-temperature
density functional theory the electronic structure of the
central ions and of the surrounding conduction electrons.
As we have seen above the electron-ion coupling factor
is related to the averaged friction coeflicient felt by any
ion in the system along any direction of motion; its cal-
culation is thus particularly well adapted for this trans-
port property. Many variations exist that differ in the
description of the surrounding plasma, e.g. via bound-
ary conditions or by coupling the model with the the-
ory of fluids. Electrons are treated as independent parti-
cles subject to the Kohn-Sham potential vx g (r) given by



the sum of the central nuclear potential, the spherically
averaged distribution of surrounding ions, and the self-
consistent Hartree and exchange correlation potentials.
The expressions (71) and (72) still apply but should be
computed using the phase shifts §;(k) corresponding to
the effective potential vis(r). Results for the friction
coefficient felt by a charge immersed in a homogeneous
electron gas were presented in Ref. [70].

C. Relation to the electron-phonon coupling factor

In hte case of solids, the energy exchanges between
electrons and ions are generally described in terms of
interactions between electrons and phonons. In the
phonon approximation, the total Hamiltonian is given
by H = Hc(Ro) + Hpn + He—pn, where Ho(Ry) is the
electronic Hamiltonian in the potential of the Bravais lat-
tice (R denote the equilibrium lattice positions), Hpy, is
the Hamiltonian of phonons, and ﬁc,ph is the electron-
phonon Hamiltonian (see Appendix D). Here we show
that, for hot solids, the standard electron-phonon cou-
pling factor can be readily derived from the electron-ion
coupling formula (25). For simplicity, we use the assump-
tion of thermal phonons characterized by a single tem-
perature T;, although recent investigations suggest that
it could lead to marked disagreement with experimental
observations [18, 19, 21, 22].

Most of the works in condensed matter physics rely on
a formula for the electron-ion coupling derived by Allen
[8]. Here, we prefer to work with a generalization of
Allen’s formula that, unlike the latter, does not approxi-
mate from the outset the electrons with the Bloch states.
This generalized formula naturally reduces to Allen’s for-
mula in the appropriate limit as shown in appendix D.
As shown in appendix D1, the rate of change of the to-
tal electron energy due to the absorption and emission of
phonon excitations can be written as

dE > dw
< = 4n Py ie - ie !
= zq:/o o 3 vela+ G ufa+ @)

wamxg%, (q, w)ImXFC’;G, (q,w) (76)

<[ () oo ()

with np(x) = 1/(e®—1). Here ch);h,c;/ (q,w) is the Fourier
transformed density-density response function of the ion
subsystem calculated in the phonon approximation (see

appendix D5), and X[(P;%];, (q,w) is the Fourier trans-

formed density-density response function XLEO] Aof the
electron system described by the Hamiltonian H., i.e.
of the system of interacting electrons in the background

of the perfect lattice potential,
xelr,r', w) (77)

1 4 r_—i ' [R
SO ILLASCLN. T
a G,G’
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As shown in appendix D4, Eq.(76) reduces to Allen’s
work (see Eq.(6) in [8]) in the limit of Bloch electrons.

Equation (76) is valid for any temperatures T, ;. The
rate of energy change (76) can be simplified at high tem-
peratures, i.e. for electronic and ion temperatures greater
than the Debye temperature O p (kg©p = Awp with the
Debye frequency wp = Iga)\x{qu} (typically 0.01 — 0.04
eV [71])). In that limit, as shown in appendix D2,
Eq.(76) simplifies to

1 dE.
VvV odt

= —Je—ph [Te - Tz] (78)

where the electron-phonon coupling factor ge—_pp is given
by

ani 1 * /
Je—ph = — Wi V?é/vie(Q"'G) Uie(q+G)

x(q+ G) - (q+ G')d,Imxca(q,0) (79)

Remarkably, this expression is readily obtained from our
general formula (25) for the electron-ion coupling by sub-
stituting in Eq. (25b) the expression (77) for the electron-
electron density response function (see appendix D 3 for
the details). Since Eq.(25b) is an approximation of the
density response function of electrons in a solid, the for-
mula (25) extends the electron-phonon coupling formula
(79). In particular, it goes beyond the harmonic phonon
approximation as the ionic configurations R in Eq.(25)
include those thermally sampled that are not described
by the small harmonic lattice vibrations. Such anhar-
monic motions become increasingly important as one ap-
proaches melting conditions. We refer the reader to [44]
for preliminary first-principle calculations of the electron-
phonon coupling based on Eq.(25).

D. Relation to the Lin et al. model

We finally relate our approach to the following model
due to Wang et al. [15, 58],

G Gg_phf { g<e>)} 2(_5";3(6))(16, 0)

gler

obtained as a simplification valid at high temperatures
of Allen’s electron-phonon coupling fomula [§]. Here g(e)
is the electron density of states (DOS), which is com-
putable with DFT, and G5 " = whkgA(w?)g(er), where
er = kpTF is the Fermi energy, (oﬂ) is the second mo-
ment of the phonon spectrum, and X is the electron-
phonon mass enhancement factor. In previous works, the
prefactor Gg_ph was either set to match an experimental
measurement at low electronic temperature [15], or was
calculated ab-initio [17, 19]. Although derived for crys-
talline solids, the model (80) was used in recent works
on warm dense matter systems [40-43]. Remarkably, an



expression similar to Eq.(80) also results from Eq.(57) if
one neglects the second term and if one assumes that the
matrix elements between the Kohn-Sham states of the
force operator 6 f“® depend weakly on the energies and
spatial directions, which yields

au (e [ ] (25e2) )

as shown in appendix F. Here G&' = [6f[29R)(ep)?,
where gI®l(¢) is the density of states of the Kohn-Sham
system in the frozen ionic configuration R, and § f is the
characteristic matrix element. The formulas (80) and
(81) highlight the interplay between the DOS and the
distribution of electronic states, which, as shown by Lin
et al. [15], results in a strong dependence on the chemi-
cal composition and often on sharp variations with 7,. In
[44], we have compared our results to predictions based
on (80) reported by others and on Eq.(81) with G§' set
to reproduce the value of G; at the lowest T, considered.
We find that the simplified models (80) and (81) tend to
overestimate the dependence on T, or predict variations
at odds with the full calculation.

V. SUMMARY

This paper provides the theoretical foundations of cal-
culations presented in a recently published Letter [44]. A
formal expression was derived for the rate of energy ex-
changes between electrons and ions — also known as the
electron-ion coupling factor — in physical systems rang-
ing from hot solid metals to plasmas, including liquid
metals and warm dense matter. The expression includes
self-consistently the quantum mechanical and statistical
nature of electrons, the thermal and disorder effects, and
the correlations between particles. The rate of energy ex-
changes is expressed in terms of the friction coefficients
felt by individual ions due to their non-adiabatic interac-
tions with the electrons. Each friction coefficient satisfies
a Kubo relation given by the time integral of the autocor-
relation function of the interaction force of an ion with
the electrons. Exact properties and different represen-
tations of the theory were discussed. We then showed
that our theory reduces to well-known models in limiting
cases, including: the standard electron-phonon coupling
formula in the limit of hot solids with lattice and elec-
tronic temperatures much greater than the Debye tem-
perature; the Spitzer formula in the hot plasma limit; the
Fermi golden rule formula in the limit of weak electron-
ion interactions; and other models proposed to go beyond
the latter approximation.

In a future publication, we will discuss in details the
numerical implementation of the theory using density-
functional-theory-based quantum molecular dynamics
simulations that was used to obtain the results presented
in [44] and elsewhere [72]. An interesting extension of this
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work is the study of the non-adiabatic effects beyond the
Born-Oppenheimer approximation in warm dense matter
that are modeled by the friction and noise terms in the
Langevin-like equation (4b).

Acknowledgments

This work was supported by the US Department of
Energy through the Los Alamos National Laboratory
through the LDRD Grant No. 20170490ER and the
Center of Non-Linear Studies (CNLS). Los Alamos Na-
tional Laboratory is operated by Triad National Secu-
rity, LLC, for the National Nuclear Security Admin-
istration of U.S. Department of Energy (Contract No.
89233218CNA000001).

Appendix A: Miscellaneous properties of correlation
and response functions

A detailed exposition of the definitions and properties
recalled below can be found in standard textbooks, e.g.,
[49, 50]

1. Quantum correlation functions

In quantum statistical mechanics, there are several
ways to measure the temporal correlations between two
observables A and B at thermal equilibrium. These in-
clude: the canonical Kubo relation [49]

B 8 N . .
K(t) =+ / d/\<e’\Hc[‘R] §Be M 5A(t)>
B Jo

the symmetrized correlation function,
1 A N P

S®) =3 <6A(t)6B +6BSA() > :

and the unsymmetrized correlation function,

oft) = < SA(t)0B > ,

where in this appendix (...) = Tr (e’ﬁH... /Tre=PH in-
dicates a canonical thermal average. In the classical limit,
the three definitions are equivalent.

Lehmann representation. By expanding over the eigen-
spectrum of the Hamiltonian H, Hn) = E,|n), the
Fourier transforms of the time correlation functions can
be written as

27h

Kw) = -2 (A1)
« Z ]]J;q_E (|6 Am) (m|5BIn)S(Ey, — Eyy — h)
S(w) = 7h (A2)

Z PS4+ P (|5 Alm) (m|6B|n)§(Ep — B, — hw)



and
C(w) = 27h (A3)
X ZP§q<n|6A|m><m|6B|n)5(En E,, — hw)

where PS? = e En/ksT /5 o=Em/ksT jg the thermal
population of state n. We recall the relation,

1— eF‘w.:/kBT

R =2 T

Re /0 dte™tO(t).  (A4)

2. Density correlation and response function

We recall the well-known (fluctuation-dissipation) re-
lation

h
S(r1,re,w) = ——coth(

- )Imx(rl, ra,w) (AB)

hw

2kgT
between the symmetric density-density correla-
tion function S(ri,re,t) = 2(0fc(r1,t)0nc(r2,0) +
dne(ra2,0)0M6(r1,t)) and the density-density response
function x(ry,ro,t) = —%9@)( [0700(r1, 1), 0T1e(r2,0)] ).

3. Lehmann representations of the density
response functions

The Fourier transform of the density-density response
function is

X(rla ro;w )
L . .
Z o B el (e2)ln)
(A6)
For a system of independent particles,
x(ri,T2;w)
nFD 6n nFD(em) ~ ~
= Z i ———C G DL AR
(A7)

where npp(e) = 1/ [1 +87(#(T)7E)/kBT:| is the Fermi-
Dirac population, and p(7') is the chemical potential.

4. Lindhard response function

The density-density response function x°(k,w) of a
non-interacting electron gas at temperature 7" is given
by [50]

nrp(p + hk) —nrp(p) | )

__[_dp
X (k) = / (27)3 hw — €(p + hK) + €(p) + i0+
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where ¢(p) = p?/2m is the energy of a particle of mo-
mentum p. Equation (A8) implies [36]

ik =0) = By 222 5(h/2), (49)

ow
with
f(k) = %E@an(hk). (A10)
In the classical limit (& — 0),
0 0 o [mTmf 1
8_wImX (k,w=0) = —np 5 % (A1)

Appendix B: Details on the derivation of the
relations (32), (40) and (52).

Here we drop the superscript [R] indicating the de-
pendence on the instantaneous ionic configuration, and
the integral relations between the response functions are
written in operator notations. The identity operator is
denoted by I, i.e. I(r,r') =d(r —1r’).

1. Relation (32) to the proper response

Using obvious notations, the Dyson equation (31) can
be written as

Xee (W) =X

Il
™
o
S

— Rw)*er

where we introduced the left and right dielectric functions

ep(w)=I-x(w)*xve , er(w)=I—vcx*x(w).
with inverses
Eil(w) =T+ Xee(w) xve sgl(w) =T+ 0 * Xeo(w)
The relation er,(w) * e1 ' (w) = I implies
Over ' = —ep % Oper xept = e % 0uX(w) * v *ep !
Therefore, from Eq.(B1),

OwXee = [551 x Dy X * U0 *551} *)2—1—5;1 % Oy X

= sgl*awg*[vc * Xee 1 1
= et *0uX *eq". (B2)

By using the last expression into Eq. (24), we obtain the
desired Eq.(32).



2. Relations (40) and (52) to the Lindhard and
Kohn-Sham responses

Because of the close similarity between the Dyson
equations (38) and (50) satisfied by the free-electron and
Kohn-Sham response, the derivations of Egs.(40) and
(52) are analogous. We here consider the case involving
the free electron response function. the Dyson equation
(40) can be written as

+ Xo(w) * K (w) * Xeo(w)
+ Xee(w) * K (w) * xo(w)

Xee(w) = xo(w
= Xolw

L (W) X (W)

= X(w) *ég ()

with the frequency-dependent kernel
K(w) =vg * (I+ Gee(w))

)
)

&y,

and the left and right dielectric functions
EL(w) =T—yo(w) * K(w)
Er(w) =T— K(w) * xo(w)
with inverses
éL_l(w) =T+ Xeo(w) * K(w)
gle(w) =1+ K(w) * Xee(w)

Following the steps used to derive Eq.(B2), we now ob-
tain
anee = &:L—l * anO * gle + Xee * 8wG * Xee- (B3)

where the additional term results from the dependence
of the kernel on the frequency. Similarly, we find
O Xee = 5{1 % Oy XKS * 5§1 + Xee * Ow fre * Xee-  (B4)

By introducing the last expressions into Eq. (24), we
readily obtain the desired relations (40) and (52).

3. Homogeneous limit of the response and
dielectric functions

We give properties satisfied by the reponse function
Xee and related quantities in the limit of a homogeneous
electron gas. Similar relations are satisfied by ¥, xo and

XKS-
In the limit of a homogeneous electron gas,

Xee(rarlaw) :Xee(r_rlaw)a (B5)
and the left and right dielectric functions are equal,

er(r,r’,w) =er(r,r',w) =e(r —r',w). (B6)

The spatial Fourier transform, generally defined as

1 .
Xee(k, k' w) = V/ dreﬂk'r/ dr'e™* Xee(r,r’,w),
v v
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satisfies

Xee (K, K, w) = Xee( )6k k' - (B7)

The inverse dielectric function satisfies
kw) = 1/e(k,w). (B8)

Finally, the integral equations in Sec. B1 and B 2 be-
come algebraic equation, e.g.,

Xee(k,w) = X(k,w)/e(k,w) (B9)

with e(k,w) =1 —ve(k)x(k,w)

= Yo(k,w)/e(k,w) (B10)
with é(k,w) = 1 — K (k,w)xo(k,w)

= xxs(k w)/é(k, w) (B11)
with é(k,w) =1 — Krgg(k, w)xrxs(k,w)

with K(k,w) = ve(k)[1 —
ve (k) + faoe(k,w)

Gee(k,w)] and Kgg(k,w) =

Appendix C: Sum rules

In this appendix we provide the proof for a set of sum
rules, the [R] superscript is dropped in order to simplify
the notation. Below,

N
= Zvie(r — R])
I=1

i) The force matrix elements and the total linear mo-
mentum matrix elements satisfy

Z £l = =i ol Py 222 )
Proof:
By starting from the definition
N
> fin = ol [ drVao@icmlm). (€2)
I=1 v

we may rewrite the term on the right hand side as follows

/ drVou(r
1%

Ne

Z 61‘1 = 1 - [Iaiu ’U(f‘l)]
= —% [i pi, He(R
i=1

where P = Zf\[:ﬁl P is the linear momentum operator of
the many body system. In deriving Eq.(C3), we used the

relation [Zl Pis Vee} = 0 that results from the symmetry

of the Coulomb interaction. By substituting the previous
result into Eq. (C2) we easily obtain the final result (C1).



it) The density response function satisfies the rela-
tions:

/ dr1 Ve, 0(r1)Xee(r1,r2,w = 0) = Vy,ne(ra), (C4)
1%

/ draXee(r1, ra,w = 0)Vy,v(r2) = Vi ne(ry).  (C5H)
v

Proof:

Here we limit ourself to prove the first expression, for
the second one the procedure is completely analogous.
By using the Lehmann representation for the electron-
electron susceptibility (A6)

/ dr1 Ve, v(ri)Xee(r1,r2,w = 0) =

— Z PECq:lEDC n|/ drV . v(r)e (r)|m) (m|he(re)|n)
i (PS4 — Pe9) <n|f’|m> (m|fe(ra)|n) = Vi,ne(rs),

T h

n,m

where we have used (C1) for the force matrix elements,
that proves Eq. (C4).
iii) The Kohn-Sham matrix elements satisfy

al .€n — €m
Z n|5f =i

I=1

(npzlm) . (C6)

Proof:
From the definition of the force matrix elements

Z (nlofi"

I=1

= <n|/ drV vks(r)ne(r)|m)
v
we rewrite the term on the right hand side as follows
[ arVuswie) = o [p.Viso)] = 1 b Hics(R)
v ih ih U7

where Hggs(R) = —%—:f + Viks(r) is the Hamiltonian of

the Kohn-Sham system, such that Hxs(R)|n) = €, |n).
From this result (C6) then follows immediately.

iv) The Kohn-Sham density response function satis-
fies the relations:

/ dr1 Ve, vks(r1)xxs(ri, ra,w = 0) = Vi, ne(r2),
%
(C7)

/ draxks(ri, ro,w = 0)Vy,vks(r2) = Vi ne(ry).
v

(C8)
Proof:
The procedure is analogous to the one used in i), with
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the only difference that now we need to use (C6) instead
of (C1)

/ drV, vks(ri)xxs(r1, ro,w =0) =
v

_ Py’ pm n rV,vks(r)ne(r)|m) (m|ne(ra)|n
- > [ 9o @ewlm) (mlie)ln)
— 05— pi) (nlBlm) (mlie(x2)[n) =

n,m

Vr2 Te (1'2)

that proves (C7), while for (C8) the proof is identical.
v) The Kohn-Sham dielectric functions satisfy the re-
lations:

/ dr1 Ve v(r)éL(ry, ro,w = 0)71 = V,,vks(r2),
1%
(C9)

/ dr2§R(r1,r2,w e 0)71Vr2v(r2) = Vrl'UKS(rl)-
14

(C10)
Proof:
By using the definition of the left dielectric function

éL(rl,rg,w = 0)71 =

I(I‘l,rg) +/ dr?)Xee(rlur?nw = O)KKS(I‘?)ur?uw = 0)7
|4

into the left hand side of (C9) we obtain, by using Eq.
(C4), (we omit the frequency dependence in the deriva-
tion)

/drlvrl ( )L(I'l,I'Q,LU—O) =

v

:Vr2v(r2)+/ dr1/ drgvrlv(rl)xcc(rl,rg)KKS(rg,rg)
v 14

= V,,v(rs) + /Vdr3Vr3ne(r3)[vc(r3,r2) + fxc(rs,ra2)]

= V,,v(r2) + Vi, vn(re) + Vi, vxe(ra)
= Vy,vks(r2),
that proves (C9), while (C10) may be obtained in the
same way by using the definition of the right dielectric
function, €R.

vi) The friction coefficients satisfy the sum rule

N
Z Yiz,Jy = 0

I,J=1

(C11)

Proof:
From the definition of the many body friction frictions,
we can write

N
Z Viz,Jy =

IJ=1

-1
—m/ drl/ dr2vmv(r1)a¢uXee(rlar2uw:O)Vyv(r2)7
M \%4 \%4



while the frequency derivative of the electron-electron
susceptibility is

6ere(rlu rg,w = 0) =

—h z;n % (nffie(r1)[m) (mlie(rz)ln) ,

by using (C2) the combination of the previous two ex-
pressions leads to

N
E Viz,Jy =

IJ=1
~ hlm

5
M ;émE

drV Vie|m) m|/ drV, vire|n)

1 (¢} [s1

= S = P (i) iy
= eq 2

Mhlm;npn <n|[Px

with PS4 = P4 — P4 and E,,, = E,
sum rule (C11).

vii) An analogous result is valid also for the Kohn-
Sham friction tensor

N
Z ﬁ]w,]y =0.

I,J=1

Py} In) =0

— E,,,, proving the

(C12)

Proof:

From the definition of the Kohn-Sham tensor (53) and
by using the sum rules (C9) and (C10) for the gradient
of the external potential it is easy to write

N
Z Viw, gy =

LJ=1

—Im
—/ drl/ draVavks(r1) 0w xks(r1, re, 0)Vyvks(ra)

hIm Z pmn

n;ﬁm

drV zvkshie|m) <m|/ drV ,vkshe|n)
v 1%
Imz Prt = o) (nfpz|m) (m|py|n)
ImZp (| [Pz, Pyllm) =0

that finally proves (C12). As a consequence of (C12) and
(C9) we also have

N
Z 6/§/I;E,Jy =0

I,J=1

(C13)

completing the set of sum rules we seek to prove.
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Appendix D: The electron-phonon coupling formula

1. Derivation of the electon-phonon coupling
formula (76)

We treat the general case of any monatomic Bravais
lattice, whose ionic equilibrium positions are denoted by
RO = {RY}.

The Hamiltonian of an electron gas interacting with a
periodic lattice of ions oscillating around their equilib-
rium positions is H = He + Hpn + He—pn, where [52]

Ne
ﬁc(RO) = Z [2m6 +sze

=1

+ Ve D1)

is the Hamiltonian of the electron gas interacting with
the ions in their equilibrium positions RP,

N PO 1
Hy, = > hwgy {bgkqu 1 5} (D2)
Aq
is the Hamiltonian of the phonons, and
. 1 . . .
He—ph = V Z Z gq,G,AP—q—G(qu + biq)\) (D3)

A G

is the interaction between electrons and phonons with
the phonon coupling [52]

NI

_ 2 g+ G eqrvi(q + G).
2qu,x(q+ ) €arvic(d+G)

9q,G,x =1 (D4)

Here l;q,\, l;jl)\ are the annihilation and creation operator
of a phonon of frequency wgq,x, €qx are the polarization
vectors, px is the Fourier transform of the electron den-
sity, >, is the sum over polarizabilities, 3 means q in
first Brillouin zone, ) means G in reciprocal lattice,
k is a Brillouin zone’s vector, q is localized in the first
Brillouin zone and G is a reciprocal space’s vector [52].
The interpretation of the previous expression is straight-
forward, the electron in fact can be scattered from any
initial state |k) to a final state |k + G + q) either by
absorbing a phonon in the state |q, A\) or by emitting a
phonon in the state |[—q, A).

We shall apply the Fermi golden rule to calculate the
rate of change of the total electron energy

=2 T IV

where Wops(q, A) is the rate of absorption and Wem(q, \)
is the rate of emission of a phonon of energy hwqy by the
electronic states |m) defined by He(R°)|m) = E,, |m).
We calculate these rates to lowest order of pertrubation
theory by applying the Fermi golden rule.

abs q7 )\) - Wcm(Qa /\)] (DS)

) = Agal- ngr...)  (D6)

I;q,\|...nq,\...



The propability per unit time of transition between state
|m'y @ |...ngx...) and state jm) @ |...(ngx —1)...) is

Wabs (|m/7 nq>\> — |m7nq7>\ - 1>)

2T . 2
= f\ (m,ngx — 1He—pn|m', ngp) | 0(Epm — Emr — hwgy)
2T 9a,G\Iq.G/ A . A
= 20 5 ACNAG ol gl (g clm)
G,G
X nq)\(S(Em — Loyt — hqu) .

By averaging over a thermal distribution of electronic
states at temperature T, and of phonon states at tem-
perature T;, we obtain the rate of phonon absorption

Wabs (Qa /\)

9q,G, )\g G/, \ «
il S LAY NP
m,m’ G,G’

< /|ﬁq+G’|m> Ngr0(Em

9q G>\9 NeZP
=72 Z T2 Caner (4 war ) Naa
GG/

X

— Epy — h‘*’q/\)

where Ngy = 1/(e@ar/ksTi — 1) is the Bose population
of the phonon mode (g, \) at temperature T; and P, =
e‘Em/kBTe/Z is the thermal population of the electronic
state |[m). In the second line, we have introduced the
(non-symmetrical) electron density correlation function
(see also appendix A)

Caclaw) = [ s (ara®p-ache. (O
Similarly, the emission calculation gives
Wcm(q, A)
9q G)\gq,G A
h2 Z == =0, (4, —wqr) (Ngx + 1)
G,G/

hw

g ,G, Ag G/, >\ _ Nwgn
h2 Y S e e Cg (4, wan ) (Nax + 1),
G,G’

where in the second line we used the detailed balance
property [50].

The rate (D5) of energy exchange between electrons
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and phonons becomes

1 dE q)\ gq G, 2\9q,G’,\
: Coc
SO = O3S T faea G i (g, g)
q,\ G,G’
x [Nax — e M /0T (Ny +1)| (D)
94,62 99,G' A Ro
=23 ) wan T Imy G (0, wan) X
aq,\ G,G’
hquk hwq,\
- D9
- {nB (kBTz) e (k:BT (D9)

:_Z/ vaq+G) vie(q + G')

GG’

X hwlmy (5l (q, w)Tmx P, (q, w)

() e ()]

kpT; kpT.
In deriving Eq.(D9), we used the simple relation

and the fluctuation-dissipation relation

(1 - (q,w)

between the correlation function and the density-density
response function of electrons described by the Hamilto-
nian H,(R?) (see Eq.(77)). In going from equation (D9)
to the desired result (D10), we used the expression for
the density-density response of ions in the phonon ap-
proximation derived below in Sec. D 5,

Ngx — e~ war/kpTe (Nq)\ + 1)

_ (1 B e—hqu/kBTe) [Nq,\ . (hwq,\

kpTe

e_hw/kBTe) CGG/ (q,w) = _2hVImX§g/

Iy o (quw) = (D11)

hmn; 1
oM ZW_A(Q‘FG)'EqA (a+G') - eqr Ar(q,w)
A a

in terms of the phonon spectral function Ay(q,w) =
d(hw — hwgy) — d(hw + hwgy)-

Equation (D10) was derived by treating the electrons
as a many-body system, i.e. the states |m) are the many-
body eigenstates of the Hamiltonian H,(RP), Eq.(D1).
The considerations of Sec. III, where the many-body
properties are expressed in terms of single-particle prop-
erties, can be straightforwardly adapted to effectively
deal with electrons in a crystalline solid. For instance,
instead of using the free electron response function as
in Sec. III B, the response function x[gg,(q, w) can be
expressed in terms of the response function of non-
interacting electrons immersed in the perfect ion lattice
RO described by the single particle Hamiltonian,

+va

whose eigenstates are the so-called Bloch electron states.

HBloch(

(D12)

2me



2. High temperature limit 7; . > ©Op.

We show that in the hot solid limit, T;. > ©Op,
the relation (76) simplifies to Eq.(78). The quantity
ImXG o (a,w), which is simply related to the phonon
spectrum (D11), is non-zero only for frequency |w]
smaller than the Debye frequency wp. For kgT; . > hwp
and 0 < w < wp, we have

TLB(hw/kBTl) — nB(hw/kBTe) ~ kB(Tl — Te)/hw

and, as a consequence of the small electron to ion mass
ratio,

ImxGa (q,w) = wd, Imxga (q,0)

Using these two approximations in Eq.(76), we obtain

dE,

e L . * 0 I
oo = Akp(T;=T2) ) Y vie(a+G) viela+ G
q G,G’

> dw
x@wlmx[ggj,(q, O)/ %wlmxgl@(q,w)
0

(D13)

The expression (D11) implies the relation

o dw h
/ S-wlinxge (@.w) = 2M(q+G) (a+G)

— 0o

which, when introduced in Eq.(D13), implies the desired
results (78) and (79).

3. Derivation of ge_,n, Eq.(79), from the general
formula (25)

By introducing the expression (77) in g.;, Eq.(25b),
the average over ions disappear (it is set to R") and we
obtain

g(TEa E)

Z Z 8wx[(l‘}(0}’ q7 )

q G,G’

i N 3

B

~ Ty

X / drV,\UZ-e(r—Rf)ei(‘”G)'r
1%

% / dr/V)\'Uie (rl _ Rl)e—i(q-i-G/).r/
14

k nZ
- - Z Z 8 IInXGG]’ (qv O)vle(q + G)
q GG’
Xvie(q 4+ G) Z(q +G) - €qr (@ +G') - eqn
A

kBTLi 1 *
= - M VZ Z Uie(q+G) vie(Q+G/)

qa G,G’

x (q+G)-(q+ G d,Imyed (a,0)
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4. Reduction to Allen’s formula

In his paper, Allen describes the electrons in terms of
Block states 1)y, eigenstates of the Hamiltonian (D12),

Nk, = et

where k = (n,k, o) is short for the Bloch electron quan-
tum number (k is in the first Brillouin zone, n € N is the
band index and o denotes the spin).

1/% (I‘) = unk(r)eikvaU .

Hgloen (R (D14)

(D15)

The density response function of Bloch electrons satisfies

) == or =)

k,k’
X Pk, k! (q + G)pkgk(—q — G’)5(ﬁw + € — Ek/)

Bloch
ImXGG/ q,w

with p e (K) = [, druf, (v)uy(v)e (6 k05,

1 dFE,

Vodt (D10
2m 1 A 2.oA oo

= _h V h’qu|Mk,k/(q)| Sk,k'(s( q)\"’ek —Gk/)

N €k — €\ €k — €r
e = o (32) - (452

= (pr — pr)Ngxr + pir (1 — pr) ,

where in the last equation we used the energy conserva-
tion described by the delta function in Eq.(D16). where
we have introduced the scattering amplitude probability

VZpk/ —q-

2

|Mkk’ = G)gq,G,A

Equation (D16) corresponds to the starting point of
Allen’s derivation, see equation (6) in Ref. [8].

5. The ionic density response function in the
phonon approximation

Here we derive an expression for the density-density
response function of ions

X6 Kt = ) = =5 200t — ) {[57a(k,0) 5 (K, £)]),
in a solid at temperature 7T; in the phonon approxima-
tion, where n;(k) = Y., e ™R is the ion density and
(...)i denotes the thermal average at temperature Tj,
and 6n; = n; — (N;);. In the phonon approximation,
R;(t) = RY + u;(t), where the harmonic displacement



u; of ion I around its equilibrium position RY is given

1 oo
u = —— -
TN 2 2 Mwq

where q is in the first Brillouin zone. To lowest order in
the displacements,

dni(q+ G,t) ~ —i(q+ G) - uq(t)

h . R
= b bt
t 2qu7)\ ( QA + —qA

This implies
x(a+G,q+G'1)

—Z hnl

where D} (a,t) = —40(t)([Aqa(#), AL, (0)]) with Agy =
I;q,\(t) + IA)JLq)\ is the retarded phonon Green’s func-

tion [52]. Using the definition of the spectral function
Az (q,w) = —ImD3 (q,w)/, we find the relation

_ h
=xg .o (@)

DR q,t)(a+ G) - €qr(q + G') - €qn

ph
Imxg o (a,w) =
- Z 2]7\T/Z7jZ Ax(q,w)[(a+ G) - eq][(a+ G') - €qn]

(D18)

used in Sec. D 1.

Appendix E: Quick remarks about Eq.(71).

The passage from Eq.(68) to Eq.(71) in the limit of
non-interacting electrons is non-trivial but can be found
in several papers; e.g., see Sec. Section ITI-c of Ref. [62].
For completeness, we recall the main steps, which rely on
standard results of scattering theory. The Kubo relation
is developed as follows

g2 [T

k,k’ 0,0’
(Wi | Fe [ N, [ F [ W) 8(e — @) (e — excr)
over the basis of the so-called scattering states defined as
UE ) = (1 +éi£i) ko) . (E1)

Here |ko) is a plane wave of momentum hk, energy e, =
(hk)?/2m, and spin o; t+ = (e, £01) and G* = G(ep £

)(q+G) * €Eg -
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0T) with the t-matrix #(z) and resolvent operator G(z) =

[z — %} satisfy the Lippman-Schwinger equation

1(2) = die + 0:G(2)E(2) .
We then use the property
<\I}i<t’a’ |Fw|\11i<tg> = Z(k; - kw)<k/0/|£ﬂ:|k0> )

(E2)

which results from F, = % [Da, Vi) and of properties of

Eq.(E2). We obtain

MkBT ZZ”FD (ex)[1 — nrp(ex)]

kk’ oo’
x (K —k)?|(K'o'|tT ko) 25 (e — ex) .

Equation (71) is then obtained from the well-known rep-
resentation of the matrix elements (k’c’|{*|ko) in terms
of the phase shifts ¢;(k) for the spherically symmetric
potential v (1),

271h?
meVk
x> (21 + 1) ™ sin 6, (k) P; (cos Q)
1

with cosQ = k' - k/k'k.

The T, = 0 limit (73) is obtained using dnpp(€)/de —
§(e — ep) with ep = h%k%/2m, is the Fermi energy.

The non-degenerate limit (74) is obtained using
nrp(@fl — nep(e)] ~ eW-IkET ang en/keT —

Ne (27725)3 (2mmekp Te)2/3

Ko'[tT ko) = —6y0r

Appendix F: Derivation of Eq.(81).

First, we neglect the correction term 6&&%] in Eq.(57)

and expand the expression (54) for ﬁaRﬁ} over the Kohn-
Sham states as follows

R _ _7Th nrp(€n) — NFD(€m)
”Ya,@ M

n,m

5fa )nm(5fﬁ Jmn6 (€n — €m)

wh//dd,p 6_€< Dite— e

X 26 €—€n)0(e — Em)(5fa )nm(5f§)mn , (F1)

n,m

€n — €m

where the matrix elements f" <n’f(sc ‘m> and flsc)
is the effective force along the x-direction between ion I
and a Kohn-Sham electron screened by other electrons.
Assuming that the matrix elements depend weakly on
the energies, they can be factorized outside the sum in

Eq.(F1), and we obtain

0o fae (-0 ) oo



where gl®l(¢) = 3" (e — ¢,) is the density of states of
the Kohn-Sham system in the frozen ionic configuration
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