N
N

N

HAL

open science

Four-component relativistic range-separated
density-functional theory: Short-range exchange
local-density approximation

Julien Paquier, Julien Toulouse

» To cite this version:

Julien Paquier, Julien Toulouse. Four-component relativistic range-separated density-functional the-

ory: Short-range exchange local-density approximation. Journal of Chemical Physics, 2018.

01942323

HAL Id: hal-01942323
https://hal.sorbonne-universite.fr /hal-01942323
Submitted on 3 Dec 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.sorbonne-universite.fr/hal-01942323
https://hal.archives-ouvertes.fr

Four-component relativistic range-separated density-functional theory:
Short-range exchange local-density approximation

Julien Paquieff] and Julien Toulouse]
Laboratoire de Chimie Théorique (LCT), Sorbonne Université and CNRS, F-75005 Paris, France
(Dated: Octobre 19, 2018)

We lay out the extension of range-separated density-functional theory to a four-component relativistic frame-
work using a Dirac-Coulomb-Breit Hamiltonian in the no-pair approximation. This formalism combines a wave-
function method for the long-range part of the electron-electron interaction with a density(-current) functional
for the short-range part of the interaction. We construct for this formalism a short-range exchange local-density
approximation based on calculations on a relativistic homogeneous electron gas with a modified Coulomb-Breit
electron-electron interaction. More specifically, we provide the relativistic short-range Coulomb and Breit ex-
change energies per particle of the relativistic homogeneous electron gas in the form of Padé approximants
which are systematically improvable to arbitrary accuracy. These quantities, as well as the associated effective
Coulomb-Breit exchange hole, show the important impact of relativity on short-range exchange effects for high

densities.

I. INTRODUCTION

Range-separated density-functional theory (RS-DFT) (see,
e.g., Refs. [1] and [2)) is an alternative to Kohn-Sham density-
functional theory (DFT) [3] for electronic-structure calcula-
tions of atoms, molecules, and solids. It permits to rigorously
combine an explicit wave-function calculation for the long-
range part of the electron-electron interaction with a compact
density functional for the complement short-range part of the
electron-electron interaction. RS-DFT leads to a faster basis
convergence than standard wave-function methods [4] and can
provide improvement over usual Kohn-Sham DFT approxi-
mations for the description of strong-correlation effects (see,
e.g., Refs. 5/ and |6), weak intermolecular interactions (see,
e.g., Refs. [JH9), fractionally charged subsystems (see, e.g.,
Refs.[10/and [11)), and electronic excitation energies (see, e.g.,
Refs.[12H14).

For the description of compounds with heavy elements, rel-
ativistic effects have to be incorporated into RS-DFT. A sim-
ple approach that has been used consists in using standard
scalar-relativistic effective-core potentials in RS-DFT [15}
16]. A more sophisticated approach was developed by Kul-
lie and Saue [17] who extended RS-DFT to a four-component
relativistic Dirac-Coulomb Hamiltonian, using second-order
Mgller-Plesset (MP2) perturbation theory for the long-range
part of the calculation and usual non-relativistic short-range
semi-local exchange-correlation density-functional approxi-
mations. To make this approach more rigorous and possi-
bly more accurate, especially for core properties, relativis-
tic short-range density-functional approximations should be
used. A number of relativistic density-functional approxi-
mations have been proposed for four-component relativistic
Kohn-Sham DFT (see, e.g., reviews in Refs. |18 and [19)), but
no relativistic short-range density-functional approximations
has been developed yet. This is unfortunate since relativistic
effects are most important in spatial regions of high density
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whose contribution to the energy in RS-DFT mainly comes
from the short-range exchange-correlation density functional.

In the present work, we remedy to this limitation by con-
structing a relativistic short-range exchange local-density ap-
proximation (LDA) based on a relativistic homogeneous elec-
tron gas (RHEG) with a modified electron-electron interac-
tion. The choice to focus on the exchange energy and not on
the correlation energy is motivated by the fact that, at high
densities where relativistic effects are important, exchange
largely dominates correlation, at least in not very strongly cor-
related systems. The choice to target a LDA, as opposed to a
generalized-gradient approximation (GGA), is motivated by
the fact that LDA is the standard first-level approximation to
consider in DFT. Moreover, even though corrections to the
relativistic LDA were shown to be important for the case of
the full-range electron-electron interaction [20, [21]], such cor-
rections beyond LDA are expected to be much smaller for the
case of a short-range electron-electron interaction, as known
in non-relativistic RS-DFT [2| 22]. Beyond the goal of using
this relativistic short-range exchange LDA in RS-DFT calcu-
lations of molecular and solid-state systems, the present work
also aims at analyzing the importance of relativistic effects on
the short-range exchange energy.

The paper is organized as follows. In Section [}
we briefly lay out the formalism of RS-DFT for a four-
component relativistic Dirac-Coulomb-Breit Hamiltonian. In
Sections[[IT Al [ITB] and[[TT C| we review the calculation of the
full-range exchange energy per particle of the RHEG with the
standard Dirac-Coulomb-Breit Hamiltonian in a way that will
prepare for the extension to the short-range case. We discuss
the importance of the separate Coulomb and Breit contribu-
tions to the exchange energy per particle and to the exchange
hole. In Section[[IT D} we derive the exchange energy per par-
ticle of a RHEG with the short-range version of the Coulomb-
Breit electron-electron interaction. Whereas the exchange en-
ergy per particle of a non-relativistic homogeneous electron
gas with a short-range interaction can be obtained analytically
quite easily [} 23| [24], the calculation of the relativistic ana-
logue turned out to be quite a formidable task. We did not
manage to obtain a closed-form expression for the relativistic
short-range exchange energy per particle, but we could ex-
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press it as a divergent series in inverse powers of the speed
of light that can be summed to high accuracy using Padé ap-
proximants, which is suitable for all practical purposes. In
Section we derive expansions of the relativistic short-
range exchange energy per particle for small and large values
of the range-separation parameter, and use them to construct a
simple approximation to the relativistic short-range exchange
energy per particle which can be used as an alternative to the
Padé approximants. Finally, Section [[V]contains our conclu-
sions and prospects for future work. Details of the calcula-
tions and the complete expressions obtained are given in the
Supplementary Information [25].

II. RELATIVISTIC RANGE-SEPARATED
DENSITY-FUNCTIONAL THEORY

A. No-pair Dirac-Coulomb-Breit wave-function theory

For relativistic electronic-structure calculations, a good
starting point is the Dirac-Coulomb-Breit (DCB) electronic
Hamiltonian in the no-pair approximation [26]]

AY® = AP + WEB, (1)

where AP is the one-electron Dirac Hamiltonian and W< is
the two-electron Coulomb-Breit (CB) interaction. In second-
quantized position representation, H> can be written as, in
atomic units,

H? = f dr L) [e (- p) + B me? +vae@L | J.(0). (2)

where p = —iV, is the momentum operator, ¢ = 137.036 a.u.
is the speed of light, and m = 1 a.u. is the electron mass that
has been kept for clarity, v,.(r) is the electron-nuclei scalar
potential energy operator, I is the 4 X 4 identity matrix, and
a and (3 are the 4 x 4 Dirac matrices

(0, o (L 0
oz—(a(h)andﬁ—(o2 —Iz)’ 3)
where o = (o, 0, 0;) is the 3-dimensional vector of the 2x2
Pauli matrices, and 0, and I, are the 2 X 2 zero and identity

matrices, respectively. In Eq. , . (r) and lﬂ(r) are the (pro-
jected) annihilation and creation field operators

a0 = ) 0,0 8, and JLO = Y vima, @)
p p

where the sum is over a set of orthonormal 4-component-
spinor orbitals {,(r)} which are positive-energy eigenfunc-
tions of a Dirac Hamiltonian with some potential [27]], and
a, and &; are the corresponding annihilation and creation
operators of these orbitals. The restriction in the sum to
positive-energy states corresponds to the no-pair approxi-
mation, in which negative-energy states corresponding to
positronic states are disregarded. The two-electron Coulomb-

Breit interaction term is written as
W = 2 [ aridrs G0l WP . 9
where w®B(r,) is the sum of the Coulomb and Breit contri-
butions

W) = wh(rn) + wh(rp2), (6)

where rj = r; — r; and rj» = |ri2]. The Coulomb interaction
is

WE(r12) = wee(r12) ()1 ()2, @)

where wee(r12) = 1/r12, and (I4); and (I4), are the 4x4 identity
matrices acting on electron 1 and 2, respectively. The Breit
interaction is

w(ryp) = _lwee(rlz)(al "o+ (e r12)2(a2 1'12)J’(8)

2 "2
where the Dirac matrices ¢y and o, act on electron 1 and 2,
respectively. The Coulomb-Breit interaction corresponds to
the single-photon exchange electron-electron scattering am-
plitude in quantum-electrodynamics (QED) evaluated with the
zero-frequency limit of the photon propagator in the Coulomb
electromagnetic gauge. More specifically, the instantaneous
Coulomb interaction corresponds to the longitudinal compo-
nent of the photon propagator, whereas the Breit interaction is
obtained from to the zero-frequency transverse component of
the photon propagator. The Breit interaction comprises the in-
stantaneous magnetic Gaunt interaction, —wee(712)x| - 2, and
the remaining lowest-order retardation correction (see, e.g.,
Ref. 28).

The no-pair Hamiltonian is not unique since it depends on
the choice of the set of orbitals {1}, }. It has been proposed [29,
30] to define the no-pair relativistic ground-state energy of
a N-electron system using a minmax principle, that we will
formally write as

E = min r&axcﬂﬁf + WEB |y, 9)
»
where the maximization is done with respect to the set of
positive-energy orbitals {¢,} [on which the Hamiltonian is
projected via Eq. (@)] by rotations with its complement set
of negative-energy orbitals, and the minimization is done
with respect to normalized multideterminant wave functions
Y within the N-electron space generated by the set of positive-
energy orbitals {y,}. In practice, Eq. can be realized with
a multiconfiguration self-consistent-field (MCSCF) algorithm
which targets a saddle point in the parameter space [30-32].
For one-electron Dirac Hamiltonians, this type of minmax
principle appears well founded (see Refs.|33H36)). For the no-
pair Dirac-Coulomb-Breit Hamiltonian with a correlated wave
function, to the best of our knowledge this minmax principle
has not been rigorously examined mathematically but the re-
sults of Ref. 30/ on two-electron systems suggests that it is
indeed a reasonable definition of the no-pair ground-state en-

ergy.



B. No-pair Dirac-Coulomb-Breit range-separated
density-functional theory

The Dirac-Coulomb RS-DFT introduced by Kullie and
Saue [17] can be readily extended to a Dirac-Coulomb-Breit
Hamiltonian. We will do so using the general formalism
of relativistic current-density-functional theory [37H39]], even
though we do not consider any external vector potential.

The starting point is the following decomposition of the

Coulomb-form electron-electron potential wee(r12) = 1/r2
appearing in Eqs. (7) and (8)
Wee(r12) = wed(r12) + wee (r12), (10)

where Wi (r12) = erf(uri2)/ri2 and wig (r12) = erfe(uriz)/ria
are long-range and short-range potentials, respectively. Here,
erf(x) = (2/+n) fox e~"dt is the error function, erfc(x) =
1 — erf(x) is the complementary error function, and u is the
range-separation parameter acting like an inverse smooth cut-
off radius. We then assume that the no-pair relativistic ground-
state energy can be expressed as

E= rr\lgn [r{r{}/ai( {(‘Plﬁf + Wy 4 E_ﬁ}fc’sr’”[n%jw]}] , (11)
»

where, as before, the maximization is over the set of project-
ing positive-energy orbitals {y,} by rotations with its com-
plement set of negative-energy orbitals and the minimiza-
tion is over normalized multideterminant wave functions ¥
within the N-electron space generated by the set of positive-
energy orbitals. In Eq. l| WSB’“’“ is the long-range version
of the two-electron Coulomb-Breit interaction as defined by
Egs. - but with the substitution wee(r12) — W (r12),
and EH])?C’“’” [ny, jw] is a complement short-range Coulomb-
Breit Hartree-exchange-correlation functional of the electron
density ny(r) = (¥Y|a(r)|¥) and current electron density
je) = (PHON), where A(r) = JLI)F(r) and j(r) =
@;(r)catﬁr(r) are the density and current density operators,
respectively. The term “complement short-range” means
that the functional contains not only a pure short-range con-
tribution but also a mixed long-range/short-range contribu-
tion [40]]. We note that, even though Eq. seems a natural
extension of non-relativistic RS-DFT [1] [2]], the existence of
a universal density-current functional Eﬁfc’“’” [n,j] giving the
no-pair relativistic ground-state energy via the minmax pro-
cedure of Eq. is not established. Indeed, similarly to the
problem of defining static density functionals for excited-state
energies (see, e.g., Refs. 41| and 42), it seems a priori only
possible to define a no-pair relativistic functional which either
is universal but satisfies only a stationary principle (instead of
a minmax principle) or satisfies a minmax principle but is not
universal (i.e., depending on an external potential via the pro-
jecting orbitals {y,}). It might be necessary to go at the QED
level to rigorously formulate a RS-DFT approach, as it was
done for Kohn-Sham DFT [18]]. These aspects are beyond the
scope of the present work.

The limiting cases of the relativistic RS-DFT approach
of Eq. (IT) should be mentioned. For u — oo, the long-

3

. . Ir,
range interaction reduces to the Coulomb form, wel ™~ (r12) =

1/r12, and the complement short-range functional vanishes,
ECBst=or1 = 0, s0 B 1| reduces to the wave-function
Hxc - q. .
theory of Eq. For u = 0, the long-range interac-
tion vanishes, w*=’(r;2) = 0, and the complement short-
range functional reduces to a full-range density functional,
ng:r’” On] = ESB [n], so it reduces to a no-pair relativis-
tic Kohn-Sham DFT method (see, e.g., Ref.43), and the cor-

responding minimizing wave function in Eq. (11) is a single
Slater determinant Y*=0 = ®.

We decompose now the short-range density-current func-
tional into Hartree, exchange, and correlation contributions

Eppe 031 = B> 1+ B[l + B ).
(12)

The short-range Hartree contribution, containing Coulomb
and Breit contributions, is an explicit functional of the den-
sity n and the current j

ST, . 1 ST,
Eg>[n,j] = 3 f f wee' (r12) n(rin(rz) drydrs

1 ST . .
- E[ffwée,#(rn).](rl)'.](rz) dr,dr,

+ ffwzre,u(m) Jjary) rpp 2.](r2)'1’12dr1dr2 L (13)

T

Note that, in relativistic Kohn-Sham DFT, the Hartree en-
ergy is usually defined with the full QED photon propaga-
tor in the Feynman gauge [[18]]. Here, instead, we define the
short-range Hartree energy with the two-electron Coulomb-
Breit interaction in the Coulomb gauge, in order to be consis-
tent with the corresponding long-range wave-function contri-
bution. The short-range exchange density-current functional
is consequently defined by

ESP0n, j] = (@[n, jIl W™ |®[n, j1) — ES*[n,j],
(14)

where ®[n, j] is the Kohn-Sham determinant associated with
density n and current j, and WE®*™ is the short-range version
of the two-electron Coulomb-Breit interaction obtained as in
Egs. (5)-(8) but with the substitution wee(r12) — weg'(r12). In
Eq. (12), ES®**[n, j] is the complement short-range correla-
tion functional including all interaction effects beyond Hartree
and exchange. Finally, note that, for closed-shell systems, the
current vanishes, j = 0, and thus we have simply short-range
functionals of the density only. We only consider this case in
this work.

In practice, the application of the relativistic RS-DFT ap-
proach of Eq. (11) requires to use approximations for the
long-range wave-function part and for the short-range ex-
change and correlation functionals. For the long-range wave-
function part, one can use standard approximations: Hartree-
Fock, MP2, MCSCEF, etc. For the short-range functionals, no
approximation including the relativistic effects has been pro-
posed so far. The rest of paper is devoted to the development



of a relativistic LDA for the short-range exchange functional
Bt = [ S aw)ar. a9

where EXC Bosri (n) is the exchange energy per particle of a
RHEG with the short-range two-electron Coulomb-Breit in-
teraction. The calculation of the latter quantity is quite com-
plicated and was performed with the help of the software Wol-
fram Mathematica [44].

III. EXCHANGE EFFECTS IN THE RELATIVISTIC
HOMOGENEOUS ELECTRON GAS

We consider a homogeneous electron gas, i.e. a box of vol-
ume V containing N electrons with electronic density n =
N/V characteristic of the system and a uniform background
of positive charges with density n;, equal to n in order to en-
sure the electroneutrality of the system. The electron gas is
studied in the thermodynamic limit, i.e. N = coand V — oo
while n = N/V is kept constant, the positive background can-
celling the diverging Hartree energy term. Such an electron
gas is considered to be relativistic when the Fermi wave vec-
tor kg = (3n*n)'/3 is non negligible compared to the speed of
light ¢. This must really be understood as a comparison be-
tween the energy related to the Fermi wave vector %ikgc and
the rest energy mc> where we take these quantities in atomic
units.

In order to get an idea of the maximal value of kp that
one encounters in an heavy element, one may consider a 1s
hydrogen-like orbital, y4(r) = (Z* /n)l/ ¢~Zr where Z is the
atomic number, and calculate the density of this doubly occu-
pied 1s orbital at the nucleus: n = 2 |y5(0)]> = 2 Z*/n corre-
sponding to a Fermi wave vector of kg = (67)!/3 Z = 2.66 Z.
The heaviest elements having atomic numbers Z of about 100,
this corresponds to a maximal value of kg of nearly 300 a.u..

A. One-electron part

The form of the non-interacting one-electron Dirac equa-
tion for this homogeneous electron gas is

(c(ax - p) + Bmc?) Yo () = Ex Yio(x).  (16)

where Y »(r) is a one-electron wave function with wave vec-
tor k and “spin” index o =T, ] associated with the positive-

J

3ke(5
it

S

1
3

energy eigenvalue
Ep = VK222 + m2c*. (17

The wave functions Y () are four-component spinors of the
form

Vi () = ()"‘(’:jﬁg ) (1)

where each component is itself a two-component spinor. The
large component ¢ (r) has a plane-wave form

1 [Ex+mc? .,
ko (r) = W Z—Eke K00, (19)

and the small component is obtained from the large compo-
nent by

(o -k)

C
(1) = ——— o (1), 20
X () = =—— 5 Pk (r) (20

K+
and ¢, is a two-component spin part with ¢; = ( (1)) and

Y, = ( (1) ) What we call “spin” here really refers to the in-

dex o identifying the two components of the large-component
spinor.

As in the non-relativistic case, we will calculate the
exchange energy of the relativistic homogeneous electron
gas using these non-interacting one-electron wave functions
Yk o(r). We note however that, in the relativistic case, there
is in principle an ambiguity on which one-electron wave
functions to use to calculate the exchange energy. Indeed,
adding for example the Hartree-Fock exchange potential in
Eq. will a priori lead to different one-electron wave
functions since translational symmetry only imposes the real-
space plane-wave form but not the spinor components. In the
non-relativistic case, this ambiguity does not appear since in
this case the one-electron plane-wave wave functions are com-
pletely determined by translational symmetry, independently
of the one-electron potential used. We leave further discus-
sions of this interacting point for future work.

B. Full-range Coulomb-Breit exchange energy

As the preparation for the case of the short-range Coulomb-
Breit interaction, we recall the form of the full-range
Coulomb-Breit exchange energy. The Coulomb exchange
energy per particle can be expressed as [39, 45] (see Ap-

pendix

2 2
2 1\ 1 1 1 1
&+ 3 V1 + &2 arcsinh(:) - 3(1 + 52) ln(l + —) -3 (\/1 + 32— Ezarcsinh(:)) ) 21
C C

o2



where ¢ = ¢/kg. The Breit exchange energy per particle has a similar form 46| (see Appendix [A])

2
el = &(1 —2(1 +52)(1 —52(—21n(z~) +1n(1 +52)))+2(\/1 + 2 —Ezarcsinh(é)) ) (22)

iy

The Breit exchange energy per particle is an approximation to
the exchange energy per particle obtained with the transverse
component of the full QED photon propagator [38, [39] 45].
The exchange energy per particle obtained with the full QED
photon propagator has in fact a simpler expression than the
Coulomb-Breit one, thanks to the cancellation of many terms
between the Coulomb and transverse components,

3k 3 1\\*
€D = 2R - 2V + &2 - Barcsinh [ = |] ] (23)
ar 2 c

It is interesting to consider the non-relativistic and ultra-
relativistic limits of the Coulomb and Breit exchange energies.
In the non-relativistic (NR) limit ¢ — oo (or equivalently the
low-density limit), only the Coulomb contribution survives

3 kr
€SNR = - and SR = 0, (24)
which is consistent with the fact that the Breit interaction
is a purely relativistic phenomenon. In the opposite ultra-
relativistic (UR) limit ¢ — O (or equivalently the high-density
limit), we have

EXC’UR = ——(1 *Ind) kr and GE’UR = 3—kF,
4r 4r
i.e. the Breit contribution becomes the opposite of the non-
relativistic Coulomb exchange energy, and is larger in abso-
lute value than the Coulomb contribution, implying that the
total exchange energy becomes positive.

(25)

The different exchange energies per particle are plotted in
Figure (1| as functions of the Fermi wave vector kg, up to
kg = 300 a.u. which is about the largest value that could
be encountered in an heavy element. We observe that, com-
pared to the non-relativistic energy energy, relativity always
reduces the exchange energy in absolute value, and this ef-
fect increases with the density. The relativistic effects for the
Coulomb exchange contribution remain relatively small, even
at high densities. By contrast, the Breit exchange contribu-
tion has a much larger effect at sufficiently high densities. The
Coulomb-Breit exchange energy per particle is a good approx-
imation to the exchange energy per particle obtained with the
full QED photon propagator for kr < ¢ = 137 a.u., which is
consistent with the fact that the Breit interaction constitutes
only the leading term in the expansion of the QED photon
propagator in 1/c.

Finally, we note that the exchange energy per particle cor-
responding to the Gaunt interaction can also be similarly ob-
tained, but it starts to deviate from the transverse exchange
energy obtained from the QED photon propagator for sub-
stantially smaller values of kr than the Breit exchange energy
does. For this reason, we prefer in this work to use the Breit

0
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FIG. 1. Non-relativistic and relativistic exchange energies per par-
ticle for the Coulomb, Coulomb-Breit, and QED photon propagator
electron-electron interactions as functions of the Fermi wave vector
kg.

interaction.

C. Effective Coulomb-Breit exchange hole

A convenient way of analyzing the exchange effects in
terms of the interelectronic distance ry, is to introduce an ef-
fective Coulomb-Breit exchange hole nSB (r12) such that

1
(B

X 3 fnfB(rlz) Wee(r12) dris. (26)

For the case of the Coulomb interaction, the associated ex-

change hole was derived by Ellis [47] and MacDonald and
Vosko [39] (see Appendix [A)

9 1 .
n(ri) = —an[]l(kﬂn)z + (1 = DA (kgr)?

+ mkprlzf], 27)

with 2 = 1/(1 + &) and

> 2y + DI FERY
Ak = — j(k ],
A(kgr12) 24 v e ) Jv1( FF12)(kFrl2)
> 2v+ DI Y
B,k = — Jj2(k —1, (28
A1(ker12) 24 v e ) Jvea( Fru)(kaz) (28)



where j, are the spherical Bessel functions. We have extended
this result to the case of the Breit interaction. The associated
exchange hole is (see Appendix

— jilker12)® + (1= DA (kpri2)?
(29)

nB(r )———n—1
T ke 2

To the best of our knowledge this expression had not been
derived before. This Breit exchange hole should not be in-
terpreted as a modification of the pair density, but simply as
giving after integration the Breit exchange energy.

Like the non-relativistic exchange hole, the relativistic
Coulomb exchange hole is normalized to —1

f n(rp)dry, = -1, (30)

but the Breit exchange hole is not. When the density increases
from the low-density limit to the high-density limit, its inte-
gral varies from O to 1

0< an(rlz)drlz <1, (31)

which confirms that it should be considered as an effective
exchange hole with only purpose to give the Breit exchange
energy.

In the non-relativistic limit, corresponding to 4 = 0, the
Coulomb exchange hole reduces to the well-known non-
relativistic form and the Breit exchange hole vanishes

9 jikgrin)?®
CNR

no r = ——p—
) 2" (kprin)?
In the opposite ultra-relativistic limit, corresponding to A = 1,
we have

and n2NR(r5) =0. (32)

9 1 )
ng R (i) = - yira—. Jitker12)® + By(keria)” |,
and
MR (1) = 2n——— i k), (33)
2" ket

where we observe again the ultra-relativistic limit of the Breit
term is the exact opposite of the non-relativistic limit of the
Coulomb contribution.

In Figure 2] we plot the effective Coulomb-Breit exchange
pair-distribution function g&8(ry,) = nSB(r12)/n for different
values of the density (or equivalently kg). For a low value of

the density, kg = 1 a.u., g¢B(r2) has the usual shape of the ex-
change hole and is indistinguishable from the non-relativistic
calculation, with the on-top value being g¢8(0) ~ —1/2. For
the higher values of the density, kg = 137 and 274 u.a., we
observe that the Coulomb-Breit exchange hole becomes shal-
lower. In particular, for kg = 274 a.u., the Coulomb-Breit
exchange hole is almost flat, with a very small minimum not
located at r;; = 0 anymore. These dramatic modifications of
the exchange effects due to relativity underline the importance
of considering relativistic effects when calculating short-range

oF
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FIG. 2. Effective Coulomb-Breit exchange pair-distribution function
at different values of kg as a function of kgry,.

exchange energies in systems containing high-density regions.

D. Short-range Coulomb-Breit exchange energy per particle

Since we have previously calculated the Coulomb-Breit ex-
change hole, the most straightforward way of calculating the
short-range Coulomb-Breit exchange energy per particle is
to integrate the exchange hole with the short-range electron-
electron interaction

Exc];,sr.;t — %fnfB(Vu) Wee' (r12) drypa. (34
Unfortunately, we did not manage to calculate this integral
analytically. We thus instead follow the same route as for
the calculation of the full-range exchange energy (see Ap-
pendix[A)), i.e. integrating over space variables first. Similarly
to Eq. (AT, we obtain the short-range Coulomb exchange en-
ergy per particle as a Fourier-space integral where each wave
vector spans the volume of the Fermi sphere Vj,
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where Wit (ki2) = (41/k2))(1 — e /%) is the Fourier trans-
form of the short-range interaction in terms of the relative
wave vector k;o = |kip| with ki, = ki — ky, Ei(x) =
- f_ O; e'/t dt is the exponential integral function, and we have
introduced the scaled variables i = u/kp, ki = ki/kg, and
kb = ks /ke. Unfortunately we were unable to straightfor-
wardly calculate the double integral in Eq. (35). To circum-
vent this difficulty we first make an asymptotic expansion of

ao(fi) = ;7(—3+4«/7rerf(l)ﬂ+2(2e‘% -3) i -
() = (1—6\/_erf( )i 6((#2_3)# +12(e7
@) = 50— (—13+12\/7_rerf(ﬁ) (8 +4577)i* + 12(4¢ ™7

However, the asymptotic series of Eq. (36) diverges for ¢ < 1,
i.e. for kg = 137 a.u.. To avoid this divergence, we use a
diagonal Padé approximant [48] of even order M

M/2A ~2i
_ k Z 21(/1)/ (38)

TYMP B

with the choice By(fi) = 1 without loss of generality, and the
other coeflicients A;({1) and By;({1) are uniquely determined,
for a given M, from the coefficients a»;(fz) so that the asymp-
totic expansion of the Padé approximant matches the asymp-
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the integrand for ¢ — oo and then integrate term by term to
obtain the asymptotic series

[oe)
C,sr,

i=0

(1)

c2i ’

(36)

where the coefficients a»;(fi) can be obtained analytically.
Their derivation being quite lengthy, it is discussed in detail
in the Supplementary Information [25]]. We give here the first
three coefficients.

1

— 40) i°) - 648(e )ﬁs). (37)

i +24(13¢ 752

(

totic expansion of Eq. (36) up to order 2M (see Appendix [B).
For example, we give here the coefficients for the diagonal
Padé approximant of order 2

Ao(fD) = ao(f) mi&@=@@—@%%@,
. a4(ft)
B = - . 3
) = -8 (39)

We proceed similarly for the short-range Breit exchange en-
ergy per particle. Adapting Eq. (A2) to the case of the short-
range interaction gives the Fourier-space integral

kg)dk1 dk,

3k1: f f
dk,dk, k1k2
N +k21/c2 +k2

which, after asymptotically expanding the integrand for ¢ —

[ i [z 2 A -\
— — [ [ (k1+k2)]_Ei(_(kIZ_ﬂ]Q))+ln((/~€1—7€2)2)—1n((7‘1+7‘2)2) (40)

(

oo and integrating term by term, turns into the asymptotic se-



Exact

Pade approximant of order 2
Pade approximant of order 4
Pade approximant of order 6

a -0
m
Q
WK
-15
-20
0 50 100 150 200 250 300
kg (a.u.)

0.08
007 | Pade approximant of order 2
----------- Pade approximant of order 4
------ Pade approximant of order 6
I 0.06 |
Q
WX
5 0.05 |
g oo0af
o
[
2 003}
o
[T}
o 002}
0.01 |
0 et aaagettt
0 50 100 150 200 250 300
kg (a.u.)

FIG. 3. Left plot: Exact full-range Coulomb-Breit exchange energy per particle and its Padé approximants of orders 2, 4, and 6 as functions of

the Fermi wave vector kg. Right plot: Relative errors, Aex
Coulomb-Breit exchange energy per particle.
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The fact that By(f1) = 0 corresponds to the fact that the Breit
exchange energy vanishes in the non-relativistic limit. Again,
the asymptotic series of Eq. (1) diverges for ¢ < 1, so we
construct a diagonal Padé approximant of even order M

Sty Coil) /&
S Dy e
with Dy(f1) = 1 and the other coefficients Cy;({i) and D;()
are uniquely determined, for a given M, from the coefficients

Bi(i1). We give here the coefficients of the diagonal Padé ap-
proximant of order 2

Bsru
x,Padé —

(43)

Coi = folf) and Ca(f) = oty - LLELAE)
Ba (i)
B
D) = -8, (#4)

The complete expressions of the large-¢ expansions in
Egs. (36) and and their associated Padé approximants in
Eqs. (38) and ([@3) are explicitly given up to an arbitrary order

—e")/e

where the coefficients 3,;(it) can be obtained analytically. The
first three of them are

2e 7 ),u2 + 6(15 -Te

ﬂ%)ﬂz; —48(1 _ ‘2)~e)

( 77+12\/E(10+42/12+105,a)erf(:l),u 60(7 - 2e %)ﬂ — 12(140 - 37¢ %)

—24(70 - 37¢ ) + 792(1 - ‘2),18). (42)
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in the Mathematica notebook available in the Supplementary
Information [25]].

We want to check the accuracy of these Padé approxi-
mants to the short-range Coulomb-Breit exchange energy per
particle and at which order M we can truncate the expan-
sion. For this, we may check for the most demanding case
of u = 0 corresponding to the full-range interaction and
for which we know the exact exchange energy per particle
[Eqs. 2I) and 22)]. We thus plot in Figure [3] the exact
full-range Coulomb-Breit exchange energy per particle and
its Padé approximants of orders 2, 4, and 6, as well as their
(€CB  — €CB)/CB

6x Padé

the Fermi wave vector kg. We note in passing that the Padé
approximants can be calculated either for the Coulomb and
Breit exchange energies per particle separately, or directly for
the total Coulomb-Breit exchange energy per particle, as done
here for the plot. It turns out that these two ways of proceeding
give very similar Padé approximants for the Coulomb-Breit
exchange energy per particle, for example differing by at most
about 10™* % for the Padé approximants of order 6. As seen

relative errors AECB =

’, as functions of



in Figure (3] the error of all Padé approximants naturally in-
creases with the density. The error of the Padé approximant
of order 2 increases most rapidly with the density, the relative
error exceeding 5% as soon as kg = 200 a.u.. The relative er-
ror in the Padé approximant of order 4 is less than 0.5% until
about kg = 200 a.u. and increases to about 4% at kg = 300
a.u.. The Padé approximant of order 6 has a maximal relative
error of 0.5% at kg = 300 a.u.. We thus conclude that the Padé
approximant of order 6 provides an excellent approximation
for all the density range in which we are interested. We have
also explicitly checked that this accuracy of the Padé approx-
imant of order 6 is preserved for the short-range Coulomb-
Breit exchange energy per particle for a non-zero value of u
by comparing to results obtained by numerical integration in
Eq. (34). Hence, numerically, the Padé approximants appear
to rapidly converge to the correct limit as M — co.

In Figure ] we plot the relativistic short-range Coulomb-
Breit exchange energy per particle, using the Padé approxi-
mant of order 6, as a function of the scaled range-separation
parameter u/kg for different values of kg, and compare it to
the non-relativistic short-range exchange energy per particle
(whose expression can be found in Refs.[1land 24)). For kg = 1
a.u., the relativistic exchange energy per particle is indistin-
guishable from its non-relativistic counterpart, for all values
of u. For higher values of the Fermi wave vector, kg = 137 and
274 a.u., the relativistic short-range Coulomb-Breit exchange
energy per particle becomes much smaller, in absolute value,
than the non-relativistic short-range exchange energy per par-
ticle. Also, it appears that, for large kg, the relativistic short-
range exchange energy per particle goes to zero when increas-
ing u/kg significantly faster than does its non-relativistic ana-
logue.

E. Small- and large-u expansions and simple approximation
for the short-range Coulomb-Breit exchange energy per particle

We have determined the short-range Coulomb and Breit ex-
change energies per particle e and €™ in the form of
Padé approximants with quite complicated coefficients. We
now derive simple expressions valid for small and large values
of the range-separation parameter 4 and use them to construct

. . . C,sr, B.sr,
simple approximations for €, *™ and €, ™.

In order to obtain the expansions of ec™™* and e2*™* for u —
0, we start from the asymptotic series in Eqgs. (36) and @I),
expand them with respect to u, and extract the y and p? terms.
For the short-range Coulomb exchange energy per particle, we
obtain directly expressions independent of ¢ for the linear and
quadratic terms in u

0 (). (45)

and for the short-range Breit exchange energy per particle we
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FIG. 4. Non-relativistic and relativistic Coulomb-Breit short-range
exchange energies per particle as functions of p/kg. The relativis-
tic Coulomb-Breit short-range exchange energy is obtained from the
Padé approximant of order 6.

obtain expansions in ¢ for the linear and quadratic terms in u
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In this expression, the series in 1/¢ can be exactly summed,
and we can write Eq. {6) as
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where

f@&=3-3& arctan(%), (48)
and

(49)

~ 1
g(c)=1 T

&2

We note that the linear term in u in Eq. can also been
found by inserting into Eq. (40) the Fourier transform of the
linear term in u of the expansion of the short-range interac-
tion. However, such an approach cannot be used for higher-
order terms in y because these terms lead to divergences when
inserting into Eq. {@0). The expansion of the short-range
Coulomb-Breit exchange energy per particle for 4 — 0 is thus

ECB,ST,# — 6CB + Lf(g.) _ 3/’12 g(E)"' O<H3> (50)
x X \/E 2r kF ’
Therefore, near ¢ = 0, the linear and quadratic terms in u
of €-2*"* depend on &. In the non-relativistic limit, we have
f(@© — o) = 1and g(¢ — o) = 1, and thus we correctly
recover the non-relativistic expansion u/ V' — 3 u?/(2rkg) [2)
24]). In the ultra-relativistic limit, we have (¢ — 0) = 0 and
g(@ — 0) = 0, and thus the linear and quadratic terms in u

vanish.

In order to obtain the expansions of e and e>*"™* for
U — oo, we start from the asymptotic expansion of the Fourier
transform of the short-range interaction

1
W (ki) = 2+ 0(—4). 51)
Ju 2
Inserting then Eq. (51)) into Eq. (33)) leads to the expansion of
the short-range Coulomb exchange energy per particle

3

k 1
Csru _ F ~
6 = _24”#2 ¢! +h(C))+O(/7)’

(52)
with
9
h@) = 7 @+
9.4 . 41 = .1
-=C arcsmh(:) 2V1+¢&2-¢ arcsmh(:) .(53)
4 ¢ ¢
Similarly, inserting Eq. into Eq. leads to the expan-
sion of the short-range Breit exchange energy per particle
3

k 1
Bsru _ F ~
€ = 127_(/12 (1 —h(C))+ O(E)

(54)

The asymptotic expansion of the short-range Coulomb-Breit
exchange energy per particle for 4 — oo is thus

3
CB;sr, F
€ ST _

* 24>

1
(Bh(©) - 1)+0(—4). (55)
7
In the non-relativistic limit, we have (¢ — o) = 1 and we
thus recover the leading term of the asymptotic expansion of
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FIG. 5. Relativistic Coulomb-Breit short-range exchange energy per
particle, its small- and large-u expansions of Egs. (50) and (53), and
its simple approximation of Eqs. (56) and (58) as functions of u/kg.
The reference relativistic Coulomb-Breit short-range exchange en-
ergy per particle is obtained from the Padé approximant of order 6.

the non-relativistic short-range exchange energy per particle,
—k3/(127p?) [2, 24]. In the ultra-relativistic limit, we have
h(¢ — 0) = 0 and thus the leading term is k2./(247mp?).

We can see on Figure [5] that these small- and large-u ex-
pansions indeed reproduce well, at the scale of the plot, the
short-range Coulomb-Breit exchange energy per particle for

u/ke < 0.25 and p/kp 2 1, respectively.

. . . Csr,
We propose now simple approximations for e, and

as rational interpolations between these small- and large-u ex-
pansions. The short-range Coulomb exchange energy per par-
ticle can be approximated by

Bsr,
&

C C
Csrpu €x +d M

X ~ 5 56
© 1 +aCu+bCu? + (56)

where the coefficients are determined to recover the u and
w1 terms of the small-u expansion of Eq. and the 1/u?
term and the vanishing 1/4° term of the large-u expansion of

Eq. (52)

c__3 24732 <y
20 2ke k(1 +h(@) *
c 24 C
= T 4 o
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c_ 24
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1
d° = +aCeC. (57)

Y

In a similar way, we propose to approximate the short-range
Breit exchange energy per particle by

B B
GB,sr,y N €x +d M
b 1 +aBu+bBu? + cBu®’

(58)

where the coefficients are again determined by imposing the



small-u expansion of Eq. and the large-y expansion of
Eq. (54).

s 3(1-g() 1273/2 B
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d® = € ;1{2)(C—)) +d’e. (59)

Using the same form of approximation on directly the
short-range Coulomb-Breit exchange energy per particle can
lead to poles in y, thus it is preferable to separately con-
struct approximations for the Coulomb and Breit contribu-
tions and to sum them to get an approximation of the short-
range Coulomb-Breit exchange energy per particle. This sim-
ple approximation is reported on Figure[5|where it can be seen
that it is a quite good approximation to the accurate short-
range Coulomb-Breit exchange energy per particle given by
the Padé approximant of order 6. The relative error of this
simple approximation is less than 5% for all values of kg and
. For higher accuracy, one could construct rational interpo-
lations with more coefficients determined from higher-order
terms in the small- and large-u expansions. However, while
the large-u expansion could easily be obtained at an arbitrary
order, higher-order terms in the small-u expansion would be
obtained as large-c asymptotic series that might not be always
easy to sum into a closed form.

IV. CONCLUSIONS

In this work, we have considered the extension of RS-DFT
to a four-component relativistic framework using a Dirac-

J
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Coulomb-Breit Hamiltonian, and we have constructed a short-
range LDA exchange density functional based on calculations
on the RHEG with a modified electron-electron interaction.
More specifically, we have provided the relativistic short-
range Coulomb and Breit exchange energies per particle of the
RHEG in the form of Padé approximants [Egs. and @3)],
constructed from large-c asymptotic expansions (but without
involving expansions with respect to x) and which are sys-
tematically improvable to arbitrary accuracy. These quan-
tities, as well as the associated effective Coulomb-Breit ex-
change hole of the RHEG, show the important impact of rel-
ativity on short-range exchange effects for high densities. We
have also provided simpler approximations for the relativistic
short-range Coulomb and Breit exchange energies per particle
of the RHEG in the form of rational interpolations [Eqgs. (56)
and (58))] constructed from the exact small- and large-u expan-
sions (but without involving expansions with respect to ¢) of
the short-range exchange energies per particle, which can also
be used when a limited accuracy is sufficient (relative error
less than 5%).

Possible continuation of this work includes the construc-
tion of a relativistic short-range LDA correlation density func-
tional (even though relativistic effects are expected to be much
smaller for correlation than for exchange), the construction
of relativistic short-range GGA functionals, the inclusion of
the dependence on the current for open-shell systems, and the
implementation of these functionals in a four-component rel-
ativistic RS-DFT program for tests on atomic and molecular
systems. In particular, for compounds with heavy elements,
including relativistic effects in short-range functionals should
have significant effects on quantities sensitive to atomic cores,
such as total energies, NMR and EPR parameters, or X-ray
spectra.

Appendix A: Coulomb-Breit exchange energy per particle and exchange hole of the relativistic homogeneous electron gas

In this appendix, we review the calculation of the Coulomb-Breit exchange energy per particle and the exchange hole of the

RHEG.

1. Coulomb-Breit exchange energy per particle

The Coulomb exchange energy per particle of the RHEG can be straightforwardly calculated by summing over spins, inte-
grating over each space coordinates in the volume V, and finally integrating over each wave vector in the volume of the Fermi
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where we have introduced ki, = k| =k, k12 = [Ki2|, Wee(k12) = 47/ kfz which is the Fourier transform of the Coulomb interaction
potential, and ¢ = ¢/kg. The final expression in Eq. (AT)) corresponds to the expression given in Refs. 39/ and 45l The Breit
exchange energy per particle of the RHEG can be calculated in a similar way
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which corresponds to the expression given in Ref.|46. The sums over spins in Eqgs. and (A2)) are explicitly calculated in the
Supplementary Information [25].
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2. Effective Coulomb-Breit exchange hole

The Coulomb exchange hole can be written as an integral over the wave vectors

c
ny (r12)

2, 4
__ 16 ff e—ik12'l'12 Ek] Ekz + (k] . kz)C +C dkldkz
@2m°n JJv,, Ey, Ey,

2 R c ? ke c 2 T 2
——16,,4”([ fo & otkri)(1 + == Jok| + fo k ]o(kr12)<1———k2+c2)dk] s J](krlz)dk] ),<A3>

where the last expression is obtained after integration over the angle coordinates, and j, are the spherical Bessel functions. After
repeated integrations by parts, using for a general function f,

ki kv+2 ke kg kv+2
f kv+2jv(k712)f(k)dk:[ jv+1(kr12)f(k)] - f Jvr1(krin) f' (k)dk, (A4)
0 2 0 o "2

we obtain the expression of the Coulomb exchange hole as

nS(riy) = Jiltkeria)* + (1 = DAkeri2)* + ABa(keria)* |, (AS)

9 1
"2 kern)?
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where A = 1/(1 + &%) and

< Qv+ DI Ay
A - r e
A(kgr12) v r D ]v+l(kFr12)(kFr12) ,
o @+ D A\
B (kpri2) = 24 v+ 1) ]v+2(kFr12)(kFrl2) . (A6)

This is the expression given in Refs. |39 and 47, Note that there are some typos in the expression given in Ref. 47, We now
extend the previous derivation to the case of the Breit interaction. The associated exchange hole can be expressed as

1 . 2 (E, +c? Ey +c?
m(rp) = = f f e | B i ko
(271')6 Vig Ek, Ek1 + 6‘2 Ekz 2

kF kF
]0(k1r12) dk1 xf
" 2n f 1/kz +c2

which, after using the same integration by parts as before, gives
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Appendix B: Padé approximants

We recall here how to calculate Padé approximants and
check their convergence [48]. Consider a function F which
is asymptotic to the following (divergent) power series, as
70,

Fo)~ ) i, (B1)
i=0
Its Padé approximant of order (N, M) is
Z]'\i() AiZi
Py(@ = S5——, (B2)
M Z,A;Io Bz

where By = 1 without loss of generality, and the other N +
M + 1 coeflicients A; and B; are determined so that the power
expansion of Eq. matches the power series of Eq.
up to order N + M. This gives the following matrix equation
for the determining the coefficients By, By, ..., By

an aN-1 aq Bl aN+1

a1 ay .. @ B, aN2
=— . [.B3)

aAN+M-1 AN+M-2 - QN By aN+m

and then the coefficients Ay, A1, ..., Ay are simply given by

A; = Z _; B;. (B4)
j=0

A lot about convergence of Padé approximants is known
for the special case where F(z) is a so-called Stieltjes func-
tion. As prescribed in Ref./48] it can be checked whether F(z)

C
3 jolkarin)(1 + ———=)dka, (A7)

1/k% + ¢

[ — jitkeri)* + (1 - A)Aﬁ(kpm)z]. (A8)

(

is a Stieltjes function by verifying the following four proper-
ties: (1) F(z) is analytic in the cut complex plane |arg z| < 7;
(2) lim,_,o, F(z) = C where C is a nonnegative real constant;
(3) F(z) has an asymptotic series representation of the sign-
alternating form Y., a;(—z)" where a; > 0; (4) —F(z) is Her-
glotz, i.e. sgn[Im(-F(z))] = sgn[Im z]. If these four proper-
ties are satisfied, then it can shown that, for any real positive
z, the Padé sequences PY w41 (@) and PM (2) both converge as
M — oo and sandwich F'(z)

hm PM+1(Z) <F(z) < hm pY (2. (BS)

Obviously, if in addition the two limits are equal, then the
two Padé sequences converge to F(z) as M — oo for any real
positive z.

We have checked the convergence of the Padé approximants
in the case of the full-range Coulomb and Breit exchange en-
ergies per particle for which we have explicit exact expres-
sions, Egs. and (22). For the Coulomb term, defining
F S(z) = —¢,(C) with z = 1/&%, numerical investigations sug-
gest that FE(z) satisfies properties (1) to (4) and is thus a
Stieltjes function. Moreover, the Padé approximants P% 1@
and P%(z) appear numerically to converge to the unique limit
FS(z) as M — oo for real positive z. For the Breit term, defin-
ing FB(z) = €2(¢) with z = 1/, numerical investigations
suggest that Ff(z) satisfies properties (1) to (3) but not (4),
and thus is not a Stieltjes function. Nevertheless, the Padé
approximants PM +1(@) and P%(z) still appear numerically to
converge to the unique limit F2(z) as M — oo for real posi-
tive z. This does not come as a surprise since it is known that
Padé approximants often converge for functions which are not
Stieltjes. We expect the same convergence properties for the
Padé approximants in the case of the short-range Coulomb and
Breit interactions.
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