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Spin–orbit coupling induces a current density in the ground state, which consequently requires a generalization for
meta-generalized gradient approximations. That is, the exchange-correlation energy has to be constructed as an ex-
plicit functional of the current density and a generalized kinetic energy density has to be formed to satisfy theoretical
constraints. Herein, we generalize our previously presented formalism of spin–orbit current density functional theory
[Holzer et al., J. Chem. Phys. 157, 204102 (2022)] to non-magnetic and magnetic periodic systems of arbitrary di-
mension. Besides the ground-state exchange-correlation potential, analytical derivatives such as geometry gradients
and stress tensors are implemented. The importance of the current density is assessed for band gaps, lattice constants,
magnetic transitions, and Rashba splittings. For the latter, the impact of the current density may be larger than the
deviation between different density functional approximations.

I. INTRODUCTION

In the constantly evolving field of density functional theory
(DFT), especially the construction of meta-generalized gradi-
ent approximations (meta-GGAs) has received great attention
over the last two decades.1–4 Modern meta-GGAs use the iso-
orbital constraint and the von-Weizäcker inequality to iden-
tify one-electron regions and, thus cancelling self-interaction
errors in single electron regions.3,5 According to benchmark
calculations,4,6–21 meta-GGAs outperform the preceding gen-
eralized gradient approximations (GGAs) at roughly the same
computational cost. However, external magnetic fields22–25

or spin–orbit coupling26–28 necessitate further generalizations
for meta-GGAs to meet theoretical constrains, as the current
density alters the curvature of the Fermi hole in its second-
order Taylor expansion.29–38 Density functional approxima-
tions (DFAs) constructed by taking into account this change
in curvature are termed “CDFT” functionals.22,39 CDFT based
approximations are for example necessary for the iso-orbital
indicator to remain bounded between 0 and 1.35,36 In external
magnetic fields, this correction is even necessary to guarantee
gauge-invariance.22,25,36

Furthermore, certain current-carrying ground states also
heavily depend on the correct introduction of the current
density, with a failure to account for them leading to
large deviation for meta-GGAs.36,40 We recently presented
a current-dependent formulation of density functional the-
ory for spin–orbit coupling in the molecular regime.36 Here,
inclusion of the current density leads to notable changes
for both closed-shell Kramers-restricted (KR) and open-shell
Kramers-unrestricted (KU) calculations.

To account for the change in Fermi hole curvature, the ki-
netic energy density τ is generalized with the current density
j⃗. In a two-component (2c) non-collinear formalism,41–51 this

results in the generalized current density

τ̃↑,↓ = τ↑,↓−
|⃗ j↑,↓|2

2n↑,↓
(1)

based on the spin-up and down quantities.36 These are formed
with the particle and spin-magnetization contributions, e.g.
the spin-up and down electron density n↑,↓ follows as

n↑,↓(⃗r) =
1
2
[n(⃗r)±|m⃗(⃗r)|] = 1

2
[n(⃗r)± s(⃗r)] (2)

with the particle density n, the spin-magnetization vector m⃗,
and the spin density s. Therefore, the exchange-correlation
(XC) energy of a “pure” functional2 explicitly depends on the
current density

EXC =
∫

f XC
[
n↑,↓(⃗r),γ↑↑,↑↓,↓↓(⃗r),τ↑,↓(⃗r), j⃗↑,↓(⃗r)

]
d3r

=
∫

gXC [n↑,↓(⃗r),γ↑↑,↑↓,↓↓(⃗r), τ̃↑,↓(⃗r)] d3r
(3)

where f XC describes the density functional approximation
and γ↑↓(⃗r) = 1

4

(
∇⃗n↑(⃗r)

)
·
(

∇⃗n↓(⃗r)
)

, hence γ↑↓ = γ↓↑. For a
Kramers-restricted system, the spin-magnetization vector and
the particle current density vanish. However, the spin-current
density is generally non-zero and thus it is still necessary to
form the generalized kinetic energy density.

In this work, we will extend our previous CDFT
formulation36 to non-magnetic and magnetic periodic sys-
tems. We assess the importance of the current density for
band gaps, cell structures, magnetic transitions, and Rashba
splittings with common meta-GGAs. Together with previous
studies on the impact of spin–orbit-induced current densities
for meta-GGAs36,38,52–54 this will further help to set guide-
lines and recommendations for the application of CDFT to
the different properties and functionals for discrete and peri-
odic systems.
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II. THEORY

The one-particle density matrix associated with the two-
component spinor functions ψ⃗i

k⃗ at a given k⃗ point reads

n(⃗r,⃗r ′) =
1

VFBZ

n

∑
i=1

∫
ε k⃗

i <εF

FBZ
ψ⃗i

k⃗ (⃗r)
(

ψ⃗i
k⃗ (⃗r ′)

)†
d3k

=

(
nαα (⃗r,⃗r ′) nαβ (⃗r,⃗r ′)
nβα (⃗r,⃗r ′) nββ (⃗r,⃗r ′)

) (4)

where VFBZ is the volume of the first Brillouin zone (FBZ),
εi the energy eigenvalue, and εF the Fermi level. The spinor
functions are expanded with Bloch functions, φµ , based on
atomic orbital (AO) basis functions, χµ , as

ψ⃗i
k⃗ (⃗r) =

(
ψ

α ,⃗k
i (⃗r)

ψ
β ,⃗k
i (⃗r)

)
= ∑

µ

cα ,⃗k
µi

cβ ,⃗k
µi

φ
k⃗
µ (⃗r) (5)

φ
k⃗
µ (⃗r) =

1√
NUC

∑
L⃗

ei⃗k·⃗L
χ

L⃗
µ (⃗r). (6)

NUC denotes the number of electrons in the unit cell (UC) and
L⃗ the lattice vector. Thus, all density variables are available
from the AO density matrix in position space given by

Dσσ ′ ,⃗L⃗L ′
µν =

1
VFBZ

∑
i

∫
ε k⃗

i <εF

FBZ
ei⃗k·[⃗L−⃗L ′]

(
cσ ,⃗k

µi c∗σ ′ ,⃗k
ν i

)
d3k (7)

with the expansion coefficients cµi and σ ,σ ′ ∈ {α,β}. The
complete two-component AO density matrix reads

DL⃗⃗L ′
=

(
Dαα Dαβ

Dβα Dββ

)L⃗⃗L ′

with
(

DL⃗⃗L ′)†
= DL⃗ ′⃗L. (8)

In the spirit of Bulik et al.,47 the real symmetric (RS), real an-
tisymmetric (RA), imaginary symmetric (IS), and imaginary
antisymmetric (OA) linear combinations[

Dσσ ′
RS, RA

]⃗L⃗L ′
=

1
2

[
Re
(

Dσσ ′ ±Dσ ′σ
)]⃗L⃗L ′

(9)[
Dσσ ′

IA, IS

]⃗L⃗L ′
=

1
2

[
Im
(

Dσσ ′ ±Dσ ′σ
)]⃗L⃗L ′

(10)

are formed. Of course, the same-spin antisymmetric contri-
butions are zero. The electron density and its derivatives are
available from the symmetric linear combinations

n(⃗r) = ∑
µν

∑
L⃗⃗L ′

[
Dαα

RS +Dββ

RS

]⃗L⃗L ′

µν

χ
L⃗
µ (⃗r) χ

L⃗ ′
ν (⃗r) (11)

mx(⃗r) = ∑
µν

∑
L⃗⃗L ′

2
[
Dαβ

RS

]⃗L⃗L ′

µν

χ
L⃗
µ (⃗r) χ

L⃗ ′
ν (⃗r) (12)

my(⃗r) = ∑
µν

∑
L⃗⃗L ′

2
[
Dαβ

IS

]⃗L⃗L ′

µν

χ
L⃗
µ (⃗r) χ

L⃗ ′
ν (⃗r) (13)

mz(⃗r) = ∑
µν

∑
L⃗⃗L ′

[
Dαα

RS −Dββ

RS

]⃗L⃗L ′

µν

χ
L⃗
µ (⃗r) χ

L⃗ ′
ν (⃗r). (14)

The particle current density j⃗p and the spin-current densities
j⃗u, with u ∈ {x,y,z}, are obtained from the antisymmetric lin-
ear combinations

j⃗p(⃗r) = − i
2 ∑

µν

∑
L⃗⃗L ′

[
Dαα

IA +Dββ

IA

]⃗L⃗L ′

µν

ξ
L⃗⃗L ′
µν (15)

j⃗x(⃗r) = − i
2 ∑

µν

∑
L⃗⃗L ′

2
[
Dαβ

IA

]⃗L⃗L ′

µν

ξ
L⃗⃗L ′
µν (16)

j⃗y(⃗r) = − i
2 ∑

µν

∑
L⃗⃗L ′

2
[
Dαβ

RA

]⃗L⃗L ′

µν

ξ
L⃗⃗L ′
µν (17)

j⃗z(⃗r) = − i
2 ∑

µν

∑
L⃗⃗L ′

[
Dαα

IA −Dββ

IA

]⃗L⃗L ′

µν

ξ
L⃗⃗L ′
µν (18)

with

ξ
L⃗⃗L ′
µν =

{[
∇⃗χ

L⃗
µ (⃗r)

]
χ

L⃗ ′
ν (⃗r)−χ

L⃗
µ (⃗r)

[
∇⃗χ

L⃗ ′
ν (⃗r)

]}
. (19)

Following our molecular ansatz,36 the scalar part of the XC
potential is obtained as

V XC,⃗L⃗L ′
µν ,0 =

1
2

∫ [
∂gXC

∂n↑
+

∂gXC

∂n↓

]
χ

L⃗
µ (⃗r) χ

L⃗ ′
ν (⃗r) d3r

+
1
2

∫ [ |⃗ j↑| 2

2n2
↑

∂gXC

∂n↓
+

|⃗ j↓| 2

2n2
↓

∂gXC

∂ τ̃↓

]
χ

L⃗
µ (⃗r) χ

L⃗ ′
ν (⃗r) d3r

− 1
2

∫ [
2

∂gXC

∂γ↑↑
∇⃗n↑+2

∂gXC

∂γ↓↓
∇⃗n↓+

∂gXC

∂γ↑↓
(⃗∇n↑+ ∇⃗n↓)

]
[{

∇⃗χ
L⃗
µ (⃗r)

}
χ

L⃗ ′
ν (⃗r)+χ

L⃗
µ (⃗r)

{
∇⃗χ

L⃗ ′
ν (⃗r)

}]
d3r

+
∫ 1

2

[
∂gXC

∂ τ̃↑
+

∂gXC

∂ τ̃↓

][
∇⃗χ

L⃗
µ (⃗r)

]
·
[
∇⃗χ

L⃗ ′
ν (⃗r)

]
d3r

+
∫ i

2

[
j⃗↑
n↑

∂gXC

∂ τ̃↑
+

j⃗↓
n↓

∂gXC

∂ τ̃↓

]
ξ

L⃗⃗L ′
µν d3r

(20)

and the spin-magnetization part with u ∈ {x,y,z} reads

V XC,⃗L⃗L ′
µν ,u =

mu

2s

∫ [
∂gXC

∂n↑
− ∂gXC

∂n↓

]
χ

L⃗
µ (⃗r) χ

L⃗ ′
ν (⃗r) d3r

+
mu

2s

∫ [ |⃗ j↑| 2

2n2
↑

∂gXC

∂n↓
− |⃗ j↓| 2

2n2
↓

∂gXC

∂ τ̃↓

]
χ

L⃗
µ (⃗r) χ

L⃗ ′
ν (⃗r) d3r

− mu

2s

∫ [
2

∂gXC

∂γ↑↑
∇⃗n↑−2

∂gXC

∂γ↓↓
∇⃗n↓−

∂gXC

∂γ↑↓
(⃗∇n↑− ∇⃗n↓)

]
[{

∇⃗χ
L⃗
µ (⃗r)

}
χ

L⃗ ′
ν (⃗r)+χ

L⃗
µ (⃗r)

{
∇⃗χ

L⃗ ′
ν (⃗r)

}]
d3r

+
∫ mu

2s

[
∂gXC

∂ τ̃↑
− ∂gXC

∂ τ̃↓

][
∇⃗χ

L⃗
µ (⃗r)

]
·
[
∇⃗χ

L⃗ ′
ν (⃗r)

]
d3r

+ i
∫ mu

2s

[
j⃗↑
n↑

∂gXC

∂ τ̃↑
− j⃗↓

n↓

∂gXC

∂ τ̃↓

]
ξ

L⃗⃗L ′
µν d3r.

(21)
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FIG. 1. (a) Dependence of the energy on the cell parameter in units of Hartree per atom for one-component (1c) restricted Kohn–Sham (RKS)
and 1c unrestriced Kohn–Sham (UKS) at the TPSS/dhf-SVP-2c level. (b) Dependence of the energy on the cell parameter in units of Hartree
per atom for 2c KR and 2c KU with the spin aligned along x (Sx). (c) Magnetic moment in units of Bohr’s magneton µB per atom for the
spin contribution of 1c UKS, 2c KU Sx DFT and CDFT approach. Periodicity is along the x direction for one-dimensional systems.55 The
open-shell solutions are energetically favored compared to the respective closed-shell solutions and the Sx alignment is preferred over Sy,z.
Results without the current-independent TPSS functional are taken from Ref. 56. Detailed results are listed in the Supplementary Material.

The spin blocks of the Kohn–Sham equations are formed
by combining the scalar and spin-magnetization contributions
with the respective Pauli matrices, c.f. Refs. 36 and 56. After
transformation to the k space, the Kohn–Sham equations can
be solved as usual.

For non-magnetic or closed-shell system, m⃗ and j⃗p vanish
so that a Kramers-restricted framework can be applied and
time-reversal symmetry57 may be exploited. However, the
spin current densities are still non-zero and hence the spin-up
and spin-down quantities j⃗↑,↓ contribute to the XC potential
through the diamagnetic or quadratic terms.36

The CDFT approach outlined herein is implemented in the
riper module56,58–64 of TURBOMOLE.65–67 The numerical
integration of the exchange-correlation potential is carried
with the algorithm of Ref. 59. Note that the current density
also leads to antisymmetric contributions. Integration weights
are constructed according to Stratmann et al.68 Geometry gra-
dients and stress tensors are implemented based on previous
work, as it essentially involves further derivatives of the basis
functions.56,61,63 We note that all integrals and the exchange
potential for the Kohn–Sham equations are evaluated in the
position space, which allows to exploit sparsity. The increase
in the computational cost by calculating the current density
contributions on a grid is modest—especially compared to
the inclusion of the current density through Hartree–Fock ex-
change with hybrid functions.

III. COMPUTATIONAL METHODS

First, we study the impact of the current density on the mag-
netic transition of one-dimensional linear Pt chains.69–73 Two

Pt atoms are placed in the unit cell with the cell parameter
d ranging from 4.0 Å to 6.0 Å. Calculations are performed
at the TPSS/dhf-SVP-2c74,75 level employing Dirac–Fock ef-
fective core potentials (DF-ECPs),76 replacing 60 electrons
(ECP-60). A Gaussian smearing of 0.01 Hartree77 is used and
a k-mesh with 32 points is applied. Integration grids, con-
vergence settings, etc. are given in the Supplementary Ma-
terial. We note in passing that the Karlsruhe dhf-type basis
sets were optimized for discrete systems,75 however, the cor-
responding pob-type basis sets for periodic calculations78–83

are not yet available with tailored extensions for spin–orbit
two-component calculations.84 Therefore and for consistency
with previous studies, we apply the dhf-type basis sets.

Second, the band gaps and the Rashba splitting of
the transition-metal dichalcogenide monolayers MoCh2 and
WCh2 (Ch = S, Se, Te) in the hexagonal (2H) phase are stud-
ied with the M06-L,85 r2SCAN,86,87 TASK,88 TPSS,74 Tao–
Mo,5 and PKZB89 functionals. The GGA PBE90 serves as
reference. The dhf-TZVP-2c basis set75 is applied with DF-
ECPs for Mo (ECP-28), W (ECP-60), Se (ECP-10), Te (ECP-
28).76,91,92 Structures are taken from Ref. 93. A k-mesh of
33×××33 points is applied.

Third, the CDFT framework is applied to complement
our previous meta-GGA study on silver halides.56 Here,
we consider the TPSS,74 revTPSS,94,95 Tao–Mo,5 PKZB,89

r2SCAN,86,87 and M06-L.85 We use the dhf-SVP basis set75

and DF-ECPs are applied for Ag (ECP-28) and I (ECP-
28).96,97 A k-mesh of 7×7×7 is employed.
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IV. RESULTS AND DISCUSSION

A. Linear Pt Chain

The one-dimensional linear Pt chain is a common reference
system for a transition to a magnetic system. The closed-shell
configuration constitutes the electronic ground state with a
small cell parameter, whereas the magnetic open-shell solu-
tion becomes lower in energy with increasing cell size.69–73

This is also confirmed at the scalar and spin–orbit TPSS
level in Fig. 1. For small cell parameters from d = 4.0 to
d = 4.9 Å, the open-shell initial guess converges to a closed-
shell non-magnetic solution in the self-consistent field (SCF)
procedure. The most favorable total energy is found for
d = 4.7 Å in agreement with previous studies based on GGA
functionals.56,72 Further, CDFT and DFT lead to a very simi-
lar potential energy surface or a similar behavior of the relative
energy with respect to the cell parameter d.

At the scalar level, the transition to a magnetic material oc-
curs between d ≈ 5.2 Å and d ≈ 5.3 Å. Inclusion of spin–orbit
coupling shifts this transition to a smaller d parameter of about
5.0 Å. Here, the current-dependent variant of TPSS (cTPSS)
leads to a lower total energy for both closed-shell and open-
shell solutions, i.e. a more negative energy, and a larger mag-
netic moment. The impact of the current density is generally
larger for the magnetic solution than for the closed-shell state,
see also the Supplementary Material for detailed results. For
the closed-shell solution, the difference in the total energy by
inclusion of the current density is too small to be visible in
panel (b) of Fig. 1. This finding is qualitatively in line with
our previous studies on molecular systems.36

Inclusion of the current density also consistently leads to a
larger magnetic moment. For instance, TPSS predicts a mag-
netic moment of 1.04 µB/atom at d = 6.0 Å, whereas a value
of 1.13 µB/atom is found with cTPSS. Generally, an increase
in the range of 5–8 % is observed after the transition to a mag-
netic solution.

B. Transition-Metal Dichalcogenide Monolayers

Transition-metal dichalcogenide monolayers have many in-
teresting physical properties such as the quantum spin Hall,98

non-linear anomalous Hall,99 and Rashba effects.100 In the
H2 phase, time-reversal symmetry holds for the non-magnetic
systems but space-inversion symmetry is lost. Thus, spin–
orbit coupling lifts the degeneracy of the valence band at
the K point in the Brillouin zone. For the Mo and W sys-
tems, this Rashba splitting is very pronounced and values be-
tween 0.1 and 0.5 eV are obtained with relativistic all-electron
methods.93,101

Band gaps and Rashba splittings at the K point obtained
with DFT and CDFT approaches are listed in Tab. I. One
the one hand, the impact on the band gaps is rather small,
with TASK and r2SCAN showing the largest changes but not
exceeding 0.1 eV. Here, the deviation between the different
DFAs is far larger. One the other hand, the Rashba splitting
is very sensitive to the inclusion of the current density. For

TABLE I. Band gaps and Rashba splittings of the valence band at
the K point for transition-metal dichalcogenide monolayers at the 1c
DFT, 2c DFT, and 2c CDFT level with the dhf-TZVP-2c basis set
and DF-ECPs for all atoms. All values in eV. Results for MoS2 and
WS2 are listed in the Supplementary Material.

Band Gap Rashba Splitting

System DFA 1c DFT 2c DFT 2c CDFT 2c DFT 2c CDFT

MoSe2 PBE 1.554 1.453 – 0.166 –
PKZB 1.558 1.455 1.455 0.166 0.169
Tao–Mo 1.561 1.459 1.458 0.166 0.170
TPSS 1.563 1.459 1.458 0.167 0.174
M06-L 1.563 1.460 1.455 0.170 0.181
r2SCAN 1.657 1.554 1.544 0.166 0.189
TASK 1.735 1.629 1.607 0.172 0.218

MoTe2 PBE 1.157 1.039 – 0.185 –
PKZB 1.160 1.042 1.042 0.186 0.189
Tao–Mo 1.168 1.051 1.049 0.185 0.188
TPSS 1.170 1.051 1.048 0.185 0.195
M06-L 1.182 1.060 1.053 0.192 0.209
r2SCAN 1.235 1.116 1.101 0.186 0.218
TASK 1.287 1.161 1.126 0.197 0.269

WSe2 PBE 1.627 1.324 – 0.409 –
PKZB 1.652 1.377 1.374 0.407 0.410
Tao–Mo 1.667 1.371 1.367 0.403 0.411
TPSS 1.660 1.379 1.371 0.409 0.420
M06-L 1.668 1.413 1.405 0.422 0.440
r2SCAN 1.774 1.482 1.452 0.419 0.457
TASK 1.867 1.604 1.571 0.440 0.514

WTe2 PBE 1.219 0.933 – 0.423 –
PKZB 1.227 0.953 0.951 0.423 0.427
Tao–Mo 1.241 0.963 0.957 0.419 0.426
TPSS 1.237 0.960 0.954 0.422 0.435
M06-L 1.253 0.968 0.957 0.431 0.456
r2SCAN 1.325 1.039 1.005 0.436 0.483
TASK 1.388 1.096 1.050 0.465 0.566

instance, the results change from 0.436 eV to 0.483 eV and
0.465 eV to 0.566 eV for WTe2 with r2SCAN and TASK, re-
spectively.

The most pronounced current-density effects are found for
TASK throughout all systems, which is in line with molecular
studies.36,53,102 Here, the current density increase the Rashba
splitting by 25 % on average. r2SCAN ranks second in this re-
gard with 13 % followed by M06-L with 6 %. For PKZB, Tao–
Mo and TPSS, changes of only 1–3 % are observed. Among
the different monolayers, MoTe2 leads to the largest impact
of the current density for all DFAs, with a relative deviation
of 36 % between DFT and CDFT for TASK. The impact of
the current density for the DFAs can be rationalized by the
enhancement factor.102,103

C. Silver Halide Crystals

The band gaps and optimized lattice constant of AgI with
various meta-GGAs are listed in Tab. II. Results for AgCl and
AgBr are presented in the Supplementary Material. Overall,
the current density is of minor importance for the band gaps.
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TABLE II. Optimized lattice constant a (in Å, rocksalt structure)
of three-dimensional AgI and band gaps (in eV) at high symmetry
points of the first Brillouin zone with various density functional ap-
proximations and the dhf-SVP basis sets. A “c” indicates the current-
dependent variant of the DFA. Results for DFAs without inclusion of
the current density are taken from Ref. 56, except for M06-L. Calcu-
lations are performed without dispersion correction (no D3) and with
the D3 correction using Becke–Johnson damping (D3-BJ).

DFA Dispersion a L–L Γ–Γ X–X L–X

TPSS no D3 6.153 3.249 2.047 2.937 0.583
cTPSS no D3 6.150 3.244 2.052 2.940 0.579
revTPSS no D3 6.116 3.149 2.132 2.998 0.537
crevTPSS no D3 6.098 3.122 2.161 3.014 0.512
Tao–Mo no D3 6.071 3.099 2.343 3.108 0.616
cTao–Mo no D3 6.069 3.086 2.339 3.109 0.619
PKZB no D3 6.200 3.409 2.153 2.987 0.826
cPKZB no D3 6.210 3.422 2.138 2.979 0.839
r2SCAN no D3 6.159 3.776 2.501 3.237 0.911
cr2SCAN no D3 6.156 3.772 2.504 3.240 0.907
M06-L no D3 6.325 3.511 1.891 2.976 1.116
cM06-L no D3 6.327 3.512 1.889 2.974 1.117
TPSS D3-BJ 5.982 2.988 2.352 3.098 0.343
cTPSS D3-BJ 5.980 2.985 2.354 3.099 0.341
revTPSS D3-BJ 5.949 2.883 2.443 3.156 0.291
crevTPSS D3-BJ 5.952 2.889 2.435 3.152 0.296
Tao–Mo D3-BJ 6.068 3.095 2.347 3.110 0.613
cTao–Mo D3-BJ 6.062 3.087 2.358 3.116 0.604
r2SCAN D3-BJ 6.156 3.773 2.506 3.240 0.907
cr2SCAN D3-BJ 6.155 3.771 2.506 3.241 0.905

Changes are in the order of meV. These results are in qualita-
tive agreement with the two-dimensional MoTe2 monolayer,
which consists of atoms from the same row of the periodic
table of elements.

Likewise the current density does not lead to major changes
for the cell structure and the lattice constant. The small impact
on the lattice constant can be rationalized by the comparably
small impact of spin–orbit coupling on the cell structure.56 D3
dispersion correction with Becke–Johnson damping8,104–107

(D3-BJ) leads to much larger changes than the application of
CDFT. Therefore, other computational parameters than the in-
clusion of the current density for meta-GGAs are more impor-
tant for the cell structures of the silver halide crystals.

V. CONCLUSION

We have extended our previous formulation of spin–orbit
current density functional theory to periodic systems of arbi-
trary dimension. The impact of the current density was as-
sessed for various properties of non-magnetic and magnetic
systems. Here, the band gaps and lattice constants are not no-
tably affected. In contrast, the Rashba splitting which is only
due to spin–orbit coupling is substantially affected. The in-
clusion of the current density for a given functional may lead
to larger changes than the deviation of the results among dif-
ferent functionals.

With the present work, CDFT is now applicable to a wide
range of chemical and physical properties of discrete and pe-
riodic systems, including analytic first-order property calcula-
tions. We generally recommend to include the current density
for r2SCAN and the Minnesota functionals, if available in the
used electronic structure code. For TASK, inclusion of the
current density is clearly mandatory as it leads to substantial
changes of the results.

SUPPLEMENTARY MATERIAL

Supporting Information is available with all computational
details and data.
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I. LINEAR ONE-DIMENSIONAL PT CHAIN

A. Computational Details and Detailed Results

Two Pt atoms are placed in a unit cell with a cell parameter d. Relativistic effects are introduced

through small-core Dirac–Fock effective core potentials (ECP-60).1 The dhf-SVP-2c orbital and

auxiliary basis sets are applied2 and large integration grids3,4 (grid size 4) are employed for the

numerical integration of the exchange-correlation potential5 with the TPSS functional.6 Note that

the riper module uses the resolution of the identity approximation (RI-J) in combination with the

continuous fast multipole method (CFMM).7,8 Default settings are employed for RI-J, CFMM,

and the transformation to the orthogonal basis set for the diagonalization of the Kohn–Sham or

Fock matrix.8,9 A Gaussian smearing of 0.01 Hartree is applied10 and a k-mesh of 32 points is

used. The self-consistent field (SCF) procedure is converged with a threshold of 10−8 Hartree.

Kramers-restriced (KR) and Kramers-unrestricted (KU) calculations are started from a molecular

extended Hückel guess with a closed-shell configuration and an open-shell configuration using

four unpaired electrons, respectively. For the KU calculations, the initial wavefunction is chosen

to be an eigenfunction of the spin operator Ŝx. Periodicity is also assumed along the x direction.9

Structures in TURBOMOLE format9,11–15 are available from Ref. 16. Results are listed in Tab. I.

Here, the CDFT energies are always lower than the DFT energy, i.e. a more negative energy is

found.

3
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II. TWO-DIMENSIONAL TRANSITION-METAL DICHALCOGENIDE

MONOLAYERS

A. Computational Details

Band gaps and Rashba splittings are calculated for the transition-metal dichalcogenide mono-

layers MoS2, MoSe2, MoTe2, WS2, WSe2, and WTe2 with the PBE,17 M06-L,18 r2SCAN,19,20

TASK,21 TPSS,6 Tao–Mo,22 and PKZB23 density functional approximations (DFAs). Note that

we use Libxc24–26 for M06-L, r2SCAN, TASK, Tao–Mo, and PKZB. The dhf-TZVP-2c orbital

and auxiliary basis sets are applied.2 Originally, the dhf-type basis sets only employ ECPs for el-

ements beyond Kr. That is, Dirac–Fock ECPs are employed for Mo (ECP-28), W (ECP-60), and

Te (ECP-28).1,27,28 However, this leads to rather large deviations from the relativistic all-electron

calculations at the PBE level for MoSe2 and WSe2.29,30 See Tabs. II and III. Therefore, we applied

a small-core Dirac–Fock ECP for Se (ECP-10) as well.27,31 The corresponding results are shown

in Tabs. IV and V.

Large integration grids3,4 (grid size 3) are employed for the numerical integration of the

exchange-correlation potential.5 Again, default settings are applied for RI-J, CFMM, and the

transformation to the orthogonal basis set for the diagonalization of the Kohn–Sham or Fock

matrix.8,9 The SCF procedure is converged with a threshold of 10−7 Hartree and a k-mesh of

33×33 points is used. Structures are taken from Ref. 29.

5



B. Results

TABLE II. Band gaps and Rashba splittings of the valence band at the K point for transition-metal dichalco-

genide monolayers at the 1c DFT, 2c DFT, and 2c CDFT level with the dhf-TZVP-2c basis set and DF-ECPs

for Mo and Te. All values in eV.

Band Gap Rashba Splitting

System DFA 1c DFT 2c DFT 2c CDFT 2c DFT 2c CDFT

MoS2 PBE 1.827 1.757 1.755 0.102 0.102

M06-L 1.814 1.772 1.772 0.107 0.112

r2SCAN 1.940 1.884 1.879 0.103 0.116

TASK 2.035 1.979 1.968 0.105 0.130

TPSS 1.829 1.775 1.774 0.102 0.106

Tao–Mo 1.828 1.774 1.773 0.101 0.104

PKZB 1.829 1.775 1.774 0.101 0.103

MoSe2 PBE 1.560 1.504 1.504 0.102 0.102

M06-L 1.567 1.509 1.508 0.107 0.113

r2SCAN 1.658 1.602 1.596 0.104 0.119

TASK 1.738 1.681 1.669 0.107 0.135

TPSS 1.566 1.510 1.508 0.103 0.107

Tao–Mo 1.564 1.508 1.508 0.102 0.105

PKZB 1.562 1.506 1.506 0.102 0.104

MoTe2 PBE 1.157 1.039 1.039 0.185 0.185

M06-L 1.182 1.060 1.053 0.192 0.209

r2SCAN 1.235 1.116 1.101 0.186 0.218

TASK 1.287 1.161 1.126 0.197 0.269

TPSS 1.170 1.051 1.048 0.185 0.195

Tao–Mo 1.168 1.051 1.049 0.185 0.188

PKZB 1.160 1.042 1.042 0.186 0.189

6



TABLE III. Band gaps and Rashba splittings of the valence band at the K point for transition-metal dichalco-

genide monolayers at the 1c DFT, 2c DFT, and 2c CDFT level with the dhf-TZVP-2c basis set and DF-ECPs

for W and Te. All values in eV.

Band Gap Rashba Splitting

System DFA 1c DFT 2c DFT 2c CDFT 2c DFT 2c CDFT

WS2 PBE 1.999 1.697 1.697 0.343 0.343

M06-L 2.024 1.803 1.798 0.357 0.369

r2SCAN 2.156 1.868 1.845 0.351 0.379

TASK 2.261 2.037 2.006 0.364 0.416

TPSS 2.031 1.758 1.752 0.343 0.351

Tao–Mo 2.040 1.754 1.749 0.337 0.343

PKZB 2.023 1.752 1.750 0.339 0.342

WSe2 PBE 1.654 1.385 1.385 0.354 0.354

M06-L 1.676 1.447 1.440 0.366 0.381

r2SCAN 1.782 1.534 1.507 0.363 0.395

TASK 1.872 1.637 1.610 0.378 0.440

TPSS 1.672 1.436 1.429 0.353 0.362

Tao–Mo 1.680 1.433 1.427 0.347 0.354

PKZB 1.664 1.435 1.433 0.350 0.353

WTe2 PBE 1.219 0.933 0.933 0.423 0.423

M06-L 1.253 0.968 0.957 0.431 0.456

r2SCAN 1.325 1.039 1.005 0.436 0.483

TASK 1.388 1.096 1.050 0.465 0.566

TPSS 1.237 0.960 0.954 0.422 0.435

Tao–Mo 1.241 0.963 0.957 0.419 0.426

PKZB 1.227 0.953 0.951 0.423 0.427

7



TABLE IV. Band gaps and Rashba splittings of the valence band at the K point for transition-metal dichalco-

genide monolayers at the 1c DFT, 2c DFT, and 2c CDFT level with the dhf-TZVP-2c basis set and DF-ECPs

for Mo, Se, and Te. All values in eV.

Band Gap Rashba Splitting

System DFA 1c DFT 2c DFT 2c CDFT 2c DFT 2c CDFT

MoS2 PBE 1.827 1.757 1.755 0.102 0.102

M06-L 1.814 1.772 1.772 0.107 0.112

r2SCAN 1.940 1.884 1.879 0.103 0.116

TASK 2.035 1.979 1.968 0.105 0.130

TPSS 1.829 1.775 1.774 0.102 0.106

Tao–Mo 1.828 1.774 1.773 0.101 0.104

PKZB 1.829 1.775 1.774 0.101 0.103

MoSe2 PBE 1.554 1.453 – 0.166 –

PKZB 1.558 1.455 1.455 0.166 0.169

Tao–Mo 1.561 1.459 1.458 0.166 0.170

TPSS 1.563 1.459 1.458 0.167 0.174

M06-L 1.563 1.460 1.455 0.170 0.181

r2SCAN 1.657 1.554 1.544 0.166 0.189

TASK 1.735 1.629 1.607 0.172 0.218

MoTe2 PBE 1.157 1.039 – 0.185 –

PKZB 1.160 1.042 1.042 0.186 0.189

Tao–Mo 1.168 1.051 1.049 0.185 0.188

TPSS 1.170 1.051 1.048 0.185 0.195

M06-L 1.182 1.060 1.053 0.192 0.209

r2SCAN 1.235 1.116 1.101 0.186 0.218

TASK 1.287 1.161 1.126 0.197 0.269

8



TABLE V. Band gaps and Rashba splittings of the valence band at the K point for transition-metal dichalco-

genide monolayers at the 1c DFT, 2c DFT, and 2c CDFT level with the dhf-TZVP-2c basis set and DF-ECPs

for W, Se, and Te. All values in eV.

Band Gap Rashba Splitting

System DFA 1c DFT 2c DFT 2c CDFT 2c DFT 2c CDFT

WS2 PBE 1.999 1.697 1.697 0.343 0.343

M06-L 2.024 1.803 1.798 0.357 0.369

r2SCAN 2.156 1.868 1.845 0.351 0.379

TASK 2.261 2.037 2.006 0.364 0.416

TPSS 2.031 1.758 1.752 0.343 0.351

Tao–Mo 2.040 1.754 1.749 0.337 0.343

PKZB 2.023 1.752 1.750 0.339 0.342

WSe2 PBE 1.627 1.324 – 0.409 –

PKZB 1.652 1.377 1.374 0.407 0.410

Tao–Mo 1.667 1.371 1.367 0.403 0.411

TPSS 1.660 1.379 1.371 0.409 0.420

M06-L 1.668 1.413 1.405 0.422 0.440

r2SCAN 1.774 1.482 1.452 0.419 0.457

TASK 1.867 1.604 1.571 0.440 0.514

WTe2 PBE 1.219 0.933 – 0.423 –

PKZB 1.227 0.953 0.951 0.423 0.427

Tao–Mo 1.241 0.963 0.957 0.419 0.426

TPSS 1.237 0.960 0.954 0.422 0.435

M06-L 1.253 0.968 0.957 0.431 0.456

r2SCAN 1.325 1.039 1.005 0.436 0.483

TASK 1.388 1.096 1.050 0.465 0.566
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III. THREE-DIMENSIONAL SILVER HALIDE CRYSTALS

A. Computational Details

Silver halide systems are commonly studied with relativistic methods32–34 and we have previ-

ously calculated the band gaps and cell structure with various meta-GGAs in DFT framework.16

Thus, we complement these results with the CDFT treatment. Computational settings are chosen

accordingly. That is, the dhf-SVP orbital and auxiliary basis sets2 are applied with small-core

Dirac–Fock ECPs (ECP-28) for Ag and I.35,36 The TPSS,6 revTPSS,37,38 Tao–Mo,22 PKZB,23

r2SCAN,19,20 and M06-L18 density functional approximations are used with large integration grids

(grid size 4).3,4 We use Libxc24–26 for revTPSS, Tao–Mo, PKZB and M06-L. The D3 dispersion

correction is applied if available for the given DFA.39–43 Default settings are chosen for RI-J,

CFMM, and the transformation to the orthogonal basis set for the diagonalization of the Kohn–

Sham or Fock matrix.8,9 An SCF convergence threshold of 10−7 Hartree is applied and a k-mesh

of 7×7×7 point is employed. Cell structures are optimized with weight derivatives and an energy

threshold of 10−6 Hartree.44 Results for AgCl, AgBr, and AgI are listed in Tabs. VI, VII, and VIII,

respectively. Inclusion of the current density in the exchange-correlation potential is indicated by

a “c” for the functional acronym. Initial cell structures were taken from Ref. 16.
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B. Results

TABLE VI. Optimized lattice constant a (in Å, rocksalt structure) of three-dimensional AgCl and band gaps

(in eV) at high symmetry points of the first Brillouin zone with various density functional approximations

and the dhf-SVP basis sets.2 A Dirac–Fock ECP is applied for Ag (ECP-28).35 A “c” indicates the current-

dependent variant of the DFA. Results for DFAs without inclusion of the current density are taken from

Ref. 16, except for M06-L. Calculations are performed without dispersion correction (no D3) and with the

D3 correction using Becke–Johnson damping (D3-BJ).39,40

DFA Dispersion a L–L Γ–Γ X–X L–Γ

TPSS no D3 5.586 4.553 3.042 4.135 0.966

cTPSS no D3 5.578 4.539 3.056 4.138 0.964

revTPSS no D3 5.561 4.381 3.023 4.126 0.890

crevTPSS no D3 5.542 4.350 3.059 4.135 0.885

Tao–Mo no D3 5.541 4.242 3.099 4.238 0.971

cTao-Mo no D3 5.518 4.212 3.150 4.251 0.971

PKZB no D3 5.636 4.593 3.099 4.259 1.176

cPKZB no D3 5.644 4.604 3.086 4.256 1.178

r2SCAN no D3 5.576 5.017 3.545 4.564 1.413

cr2SCAN no D3 5.564 5.001 3.570 4.569 1.413

M06-L no D3 5.636 4.947 3.357 4.654 1.464

cM06-L no D3 5.640 4.951 3.349 4.649 1.464

TPSS D3-BJ 5.498 4.400 3.213 4.175 0.943

cTPSS D3-BJ 5.461 4.334 3.293 4.193 0.937

revTPSS D3-BJ 5.476 4.233 3.204 4.169 0.873

crevTPSS D3-BJ 5.445 4.179 3.274 4.184 0.870

Tao–Mo D3-BJ 5.511 4.203 3.166 4.255 0.971

cTao-Mo D3-BJ 5.499 4.186 3.194 4.262 0.972

r2SCAN D3-BJ 5.517 4.943 3.677 4.592 1.416

cr2SCAN D3-BJ 5.514 4.939 3.683 4.592 1.416
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TABLE VII. Optimized lattice constant a (in Å, rocksalt structure) of three-dimensional AgBr and band gaps

(in eV) at high symmetry points of the first Brillouin zone with various density functional approximations

and the dhf-SVP basis sets.2 A Dirac–Fock ECP is applied for Ag (ECP-28).35 A “c” indicates the current-

dependent variant of the DFA. Results for DFAs without inclusion of the current density are taken from

Ref. 16, except for M06-L. Calculations are performed without dispersion correction (no D3) and with the

D3 correction using Becke–Johnson damping (D3-BJ).39,40

DFA Dispersion a L–L Γ–Γ X–X L–Γ

TPSS no D3 5.812 3.988 2.899 3.677 0.950

cTPSS no D3 5.802 3.971 2.918 3.679 0.949

revTPSS no D3 5.784 3.871 2.963 3.667 0.936

crevTPSS no D3 5.764 3.839 2.999 3.672 0.936

Tao–Mo no D3 5.738 3.781 3.140 3.792 1.079

cTao-Mo no D3 5.736 3.779 3.143 3.792 1.079

PKZB no D3 5.868 4.128 2.985 3.812 1.189

cPKZB no D3 5.875 4.138 2.973 3.812 1.190

r2SCAN no D3 5.811 4.501 3.361 4.094 1.416

cr2SCAN no D3 5.800 4.486 3.384 4.095 1.418

M06-L no D3 5.909 4.440 3.134 4.204 1.452

cM06-L no D3 5.916 4.447 3.120 4.199 1.450

TPSS D3-BJ 5.708 3.815 3.092 3.708 0.951

cTPSS D3-BJ 5.673 3.754 3.163 3.719 0.956

revTPSS D3-BJ 5.690 3.715 3.143 3.695 0.942

crevTPSS D3-BJ 5.655 3.653 3.218 3.707 0.948

Tao–Mo D3-BJ 5.743 3.789 3.128 3.790 1.077

cTao–Mo D3-BJ 5.731 3.771 3.155 3.794 1.080

r2SCAN D3-BJ 5.774 4.448 3.444 4.104 1.423

cr2SCAN D3-BJ 5.758 4.429 3.473 4.107 1.426
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TABLE VIII. Optimized lattice constant a (in Å, rocksalt structure) of three-dimensional AgI and band gaps

(in eV) at high symmetry points of the first Brillouin zone with various density functional approximations

and the dhf-SVP basis sets.2 Dirac–Fock ECPs are applied for Ag (ECP-28) and I (ECP-28).35,36 A “c” in-

dicates the current-dependent variant of the DFA. Results for DFAs without inclusion of the current density

are taken from Ref. 16, except for M06-L. Calculations are performed without dispersion correction (no

D3) and with the D3 correction using Becke–Johnson damping (D3-BJ).39,40

DFA Dispersion a L–L Γ–Γ X–X L–X

TPSS no D3 6.153 3.249 2.047 2.937 0.583

cTPSS no D3 6.150 3.244 2.052 2.940 0.579

revTPSS no D3 6.116 3.149 2.132 2.998 0.537

crevTPSS no D3 6.098 3.122 2.161 3.014 0.512

Tao–Mo no D3 6.071 3.099 2.343 3.108 0.616

cTao–Mo no D3 6.069 3.086 2.339 3.109 0.619

PKZB no D3 6.200 3.409 2.153 2.987 0.826

cPKZB no D3 6.210 3.422 2.138 2.979 0.839

r2SCAN no D3 6.159 3.776 2.501 3.237 0.911

cr2SCAN no D3 6.156 3.772 2.504 3.240 0.907

M06-L no D3 6.325 3.511 1.891 2.976 1.116

cM06-L no D3 6.327 3.512 1.889 2.974 1.117

TPSS D3-BJ 5.982 2.988 2.352 3.098 0.343

cTPSS D3-BJ 5.980 2.985 2.354 3.099 0.341

revTPSS D3-BJ 5.949 2.883 2.443 3.156 0.291

crevTPSS D3-BJ 5.952 2.889 2.435 3.152 0.296

Tao–Mo D3-BJ 6.068 3.095 2.347 3.110 0.613

cTao–Mo D3-BJ 6.062 3.087 2.358 3.116 0.604

r2SCAN D3-BJ 6.156 3.773 2.506 3.240 0.907

cr2SCAN D3-BJ 6.155 3.771 2.506 3.241 0.905
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