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ABSTRACT
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 explicit functional of the current density, and a gener-
alized 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 sys-
tems of arbitrary dimension. In addition to 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. In the latter, the impact of the current density may be larger than the deviation between different density functional
approximations.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0209704

I. INTRODUCTION

In the constantly evolving field of density functional the-
ory (DFT), especially the construction of meta-generalized gra-
dient 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 identify
one-electron regions, thus canceling self-interaction errors in sin-
gle electron regions.3,5 According to benchmark calculations,4,6–21

meta-GGAs outperform the preceding generalized gradient approx-
imations (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 con-
straints, as the current density alters the curvature of the Fermi
hole in its second-order Taylor expansion.29–38 Density functional
approximations (DFAs) constructed by taking into account this
change in curvature are termed current-dependent DFT (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 heav-
ily depend on the correct introduction of the current density, with
a failure to account for them leading to a large deviation for meta-
GGAs.36,40 We recently presented a current-dependent formulation
of density functional theory for spin–orbit coupling in the molec-
ular regime.36 Here, the 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 kinetic
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↑,↓ −
∣j⃗↑,↓∣ 2
2n↑,↓

, (1)
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based on the spin-up and spin-down quantities.36 These are formed
with the particle and spin-magnetization contributions, e.g., the
spin-up and spin-down electron density n↑,↓, which follows as

n↑,↓(r⃗) =
1
2
[n(r⃗) ± ∣m⃗(r⃗)∣] = 1

2
[n(r⃗) ± s(r⃗)], (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↑,↓(r⃗), γ↑↑,↑↓,↓↓(r⃗), τ↑,↓(r⃗), j⃗↑,↓(r⃗)] d3r

= ∫ gXC[n↑,↓(r⃗), γ↑↑,↑↓,↓↓(r⃗), τ̃↑,↓(r⃗)] d3r, (3)

where fXC describes the density functional approximation and
γ↑↓(r⃗) = 1

4(∇⃗n↑(r⃗)) ⋅ (∇⃗n↓(r⃗)), hence γ
↑↓
= γ
↓↑

. For a Kramers-
restricted system, the spin-magnetization vector and the particle
current density vanish. However, the spin-current density is gener-
ally non-zero, and thus, it is still necessary to form the generalized
kinetic energy density.

In this work, we will extend our previous CDFT formula-
tion36 to non-magnetic and magnetic periodic systems. 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-GGAs,36,38,52–54 this will further
help to set guidelines and recommendations for the application of
CDFT to the different properties and functionals of discrete and
periodic systems.

II. THEORY
The one-particle density matrix associated with the two-

component spinor functions ψ⃗
⃗k
i at a given k⃗ point reads

n(r⃗, r⃗ ′) = 1
VFBZ

n

∑
i=1
∫

εk⃗
i <εF

FBZ
ψ⃗
⃗k
i (r⃗)(ψ⃗

⃗k
i (r⃗ ′))

†
d3k

=
⎛
⎝

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

⎞
⎠

, (4)

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

ψ⃗ i
⃗k (r⃗) =

⎛
⎝
ψα,⃗k

i (r⃗)
ψβ,⃗k

i (r⃗)
⎞
⎠
=∑

μ

⎛
⎝

cα,⃗k
μi

cβ,⃗k
μi

⎞
⎠
ϕ
⃗k
μ(r⃗), (5)

ϕ
⃗k
μ(r⃗) =

1√
NUC
∑

L⃗

ei⃗k ⋅L⃗ χL⃗
μ(r⃗). (6)

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

Dσσ′ ,L⃗L⃗ ′
μν = 1

VFBZ
∑

i
∫

εk⃗
i <εF

FBZ
ei⃗k ⋅[L⃗−L⃗ ′](cσ,⃗k

μi c∗σ
′ ,⃗k

νi )d3k, (7)

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

DL⃗ L⃗ ′ =
⎛
⎝

Dαα Dαβ

Dβα Dββ
⎞
⎠

L⃗L⃗ ′

with (DL⃗ L⃗ ′)
†
= DL⃗ ′L⃗. (8)

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

[Dσσ′
RS, RA]

L⃗L⃗ ′

= 1
2
[Re(Dσσ′ ±Dσ′σ)]

L⃗L⃗ ′

, (9)

[Dσσ′
IA, IS]

L⃗L⃗ ′

= 1
2
[Im(Dσσ′ ±Dσ′σ)]

L⃗L⃗ ′

, (10)

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

n(r⃗) =∑
μν
∑
L⃗L⃗ ′
[Dαα

RS +Dββ
RS]

L⃗L⃗ ′

μν
χL⃗
μ(r⃗) χL⃗ ′

ν (r⃗), (11)

mx(r⃗) =∑
μν
∑
L⃗L⃗ ′

2[Dαβ
RS]

L⃗L⃗ ′

μν
χL⃗
μ(r⃗) χL⃗ ′

ν (r⃗), (12)

my(r⃗) =∑
μν
∑
L⃗L⃗ ′

2[Dαβ
IS ]

L⃗L⃗ ′

μν
χL⃗
μ(r⃗) χL⃗ ′

ν (r⃗), (13)

mz(r⃗) =∑
μν
∑
L⃗L⃗ ′
[Dαα

RS −Dββ
RS]

L⃗L⃗ ′

μν
χL⃗
μ(r⃗) χL⃗ ′

ν (r⃗). (14)

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

j⃗p(r⃗) = −
i
2∑μν

∑
L⃗L⃗ ′
[Dαα

IA +Dββ
IA]

L⃗L⃗ ′

μν
ξL⃗L⃗ ′
μν , (15)

j⃗x(r⃗) = −
i
2∑μν

∑
L⃗L⃗ ′

2[Dαβ
IA]

L⃗L⃗ ′

μν
ξL⃗L⃗ ′
μν , (16)

j⃗y(r⃗) = −
i
2∑μν

∑
L⃗L⃗ ′

2[Dαβ
RA]

L⃗L⃗ ′

μν
ξL⃗L⃗ ′
μν , (17)

j⃗z(r⃗) = −
i
2∑μν

∑
L⃗L⃗ ′
[Dαα

IA −Dββ
IA]

L⃗L⃗ ′

μν
ξL⃗L⃗ ′
μν , (18)

with

ξL⃗L⃗ ′
μν = {[∇⃗χL⃗

μ(r⃗)] χL⃗ ′
ν (r⃗) − χL⃗

μ(r⃗) [∇⃗χL⃗ ′
ν (r⃗)]}. (19)

Following our molecular ansatz,36 the scalar part of the XC
potential is obtained as
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VXC,L⃗L⃗ ′
μν,0 = 1

2 ∫ [
∂gXC

∂n↑
+ ∂gXC

∂n↓
]χL⃗

μ(r⃗) χL⃗ ′
ν (r⃗) d3r

+ 1
2 ∫ [

∣j⃗↑∣ 2

2n2
↑

∂gXC

∂n↓
+ ∣j⃗↓∣

2

2n2
↓

∂gXC

∂τ̃↓
]χL⃗

μ(r⃗) χL⃗ ′
ν (r⃗) d3r

− 1
2 ∫ [2

∂gXC

∂γ↑↑
∇⃗n↑ + 2

∂gXC

∂γ↓↓
∇⃗n↓ +

∂gXC

∂γ↑↓
(∇⃗n↑ + ∇⃗n↓)]

× [{∇⃗χL⃗
μ(r⃗)}χL⃗ ′

ν (r⃗) + χL⃗
μ(r⃗){∇⃗χL⃗ ′

ν (r⃗)}]d3r

+ ∫
1
2
[∂gXC

∂τ̃↑
+ ∂gXC

∂τ̃↓
][∇⃗χL⃗

μ(r⃗)] ⋅ [∇⃗χL⃗ ′
ν (r⃗)]d3r

+ ∫
i
2
[ j⃗↑

n↑
∂gXC

∂τ̃↑
+ j⃗↓

n↓
∂gXC

∂τ̃↓
]ξL⃗L⃗ ′

μν d3r, (20)

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

VXC,L⃗L⃗ ′
μν,u = mu

2s ∫ [
∂gXC

∂n↑
− ∂gXC

∂n↓
]χL⃗

μ(r⃗) χL⃗ ′
ν (r⃗) d3r

+ mu

2s ∫ [
∣j⃗↑∣ 2

2n2
↑

∂gXC

∂n↓
− ∣j⃗↓∣

2

2n2
↓

∂gXC

∂τ̃↓
]χL⃗

μ(r⃗) χL⃗ ′
ν (r⃗)d3r

− mu

2s ∫ [2
∂gXC

∂γ↑↑
∇⃗n↑ − 2

∂gXC

∂γ↓↓
∇⃗n↓ −

∂gXC

∂γ↑↓
(∇⃗n↑−∇⃗n↓)]

× [{∇⃗χL⃗
μ(r⃗)}χL⃗ ′

ν (r⃗) + χL⃗
μ(r⃗){∇⃗χL⃗ ′

ν (r⃗)}]d3r

+ ∫
mu

2s
[∂gXC

∂τ̃↑
− ∂gXC

∂τ̃↓
][∇⃗χL⃗

μ(r⃗)] ⋅ [∇⃗χL⃗ ′
ν (r⃗)]d3r

+ i∫
mu

2s
[ j⃗↑

n↑
∂gXC

∂τ̃↑
− j⃗↓

n↓
∂gXC

∂τ̃↓
]ξL⃗L⃗ ′

μν d3r. (21)

The spin blocks of the Kohn–Sham equations are formed by
combining the scalar and spin-magnetization contributions with the
respective Pauli matrices, cf. 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 systems, 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 integra-
tion of the exchange–correlation potential is carried out with the
algorithm outlined in Ref. 59. Note that the current density also
leads to antisymmetric contributions. Integration weights are con-
structed according to Stratmann et al.68 Geometry gradients and
stress tensors are implemented based on previous work, as they
essentially involve further derivatives of the basis functions.56,61,63

Therefore, the generalization of a molecular implementation24,36,69

to periodic systems is straightforward. We note that all integrals
and the exchange potential for the Kohn–Sham equations are eval-
uated in the position space, which allows us to exploit sparsity. The
increase in the computational cost of calculating the current density
contributions on a grid is modest—especially compared to the inclu-
sion of the current density through Hartree–Fock exchange 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.70–74 Two Pt
atoms are placed in the unit cell, with the cell parameter d ranging

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 unrestricted 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 approaches. 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.
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from 4.0 to 6.0 Å. Calculations are performed at the TPSS/dhf-
SVP-2c75,76 level employing Dirac–Fock effective core potentials
(DF-ECPs),77 replacing 60 electrons (ECP-60). A Gaussian smear-
ing of 0.01 hartree78 is used, and a k-mesh with 32 points is
applied. Integration grids, convergence settings, etc. are given in the
supplementary material. To validate the implementation with peri-
odic boundary conditions, we carried out calculations for finite Pt
chains with 2, 4, 6, 8, 10, 20, 30, 40, and 50 atoms with an inter-
atomic distance of 3.0 Å (see the supplementary material). Here,
the energy per atom converges toward the results from the peri-
odic approach. The finite chain with 30 Pt atoms already leads to
an agreement better than 0.2 millihartree, or 1 kcal/mol. We note in
passing that the Karlsruhe dhf-type basis sets were optimized for dis-
crete systems;76 however, the corresponding pob-type basis sets for
periodic calculations79–84 are not yet available with tailored exten-
sions for spin–orbit two-component calculations.85 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 studied with

the M06-L,86 r2SCAN,87,88 TASK,89 TPSS,75 Tao–Mo,5 and PKZB90

functionals. The GGA PBE91 serves as a reference. The dhf-TZVP-2c
basis set76 is applied with DF-ECPs for Mo (ECP-28), W (ECP-60),
Se (ECP-10), and Te (ECP-28).77,92,93 Structures are taken from Ref.
94. A k-mesh of 33 × 33 points is applied.

Third, the CDFT framework is applied to complement our pre-
vious meta-GGA study on silver halides.56 Here, we consider the
TPSS,75 revTPSS,95,96 Tao–Mo,5 PKZB,90 r2SCAN,87,88 and M06-L.86

We use the dhf-SVP basis set,76 and DF-ECPs are applied for Ag
(ECP-28) and I (ECP-28).97,98 A k-mesh of 7 × 7 × 7 is employed.

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 con-
figuration constitutes the electronic ground state with a small cell
parameter, whereas the magnetic open-shell solution becomes lower
in energy with increasing cell size.70–74 This is also confirmed at the
scalar and spin–orbit TPSS levels in Fig. 1. For small cell parameters

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 levels with
the dhf-TZVP-2c basis set and DF-ECPs for all atoms. All values are in eV. Results for MoS2 and WS2 are listed in the supplementary material.

System

Band gap Rashba splitting

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

J. Chem. Phys. 160, 184101 (2024); doi: 10.1063/5.0209704 160, 184101-4

© Author(s) 2024

 29 M
ay 2024 12:20:09

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

from d = 4.0 to 4.8 Å, the open-shell initial guess generally con-
verges 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.56,73 Furthermore, CDFT and DFT lead to a very similar
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 occurs
at around d ≈ 5.2 Å. The inclusion of spin–orbit coupling shifts this
transition to a smaller d parameter of about 4.9 Å. For CDFT, a
small magnetic moment is already found at 4.8 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 magnetic moment. The impact of the current
density is generally greater 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 total energy by
the 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

The 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 magnetic solution.

B. Transition-metal dichalcogenide monolayers
Transition-metal dichalcogenide monolayers have many inter-

esting physical properties, such as the quantum spin Hall,99

non-linear anomalous Hall,100 and Rashba effects.101 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 systems, this Rashba splitting is very pro-
nounced, and values between 0.1 and 0.5 eV are obtained with
relativistic all-electron methods.94,102

Band gaps and Rashba splittings at the K point obtained with
DFT and CDFT approaches are listed in Table I. On 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 devi-
ation between the different DFAs is far larger. On the other hand,
Rashba splitting is very sensitive to the inclusion of the current den-
sity. For instance, the results change from 0.436 to 0.483 eV and
0.465–0.566 eV for WTe2 with r2SCAN and TASK, respectively.

The most pronounced current-density effects are found for
TASK throughout all systems, which is in line with molecular
studies.36,53,103 Here, the current density increases the Rashba split-
ting by 25% on average. r2SCAN ranks second in this regard with
13%, followed by M06-L with 6%. For PKZB, Tao–Mo, and TPSS,
changes of only 1–3% are observed. Among the different monolay-
ers, 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 on the DFAs can be
rationalized by the enhancement factor.103,104

C. Silver halide crystals
The band gaps and optimized lattice constants of AgI with vari-

ous meta-GGAs are listed in Table II. Results for AgCl and AgBr are

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 approximations and the dhf-SVP basis sets. A “c” indicates the current-dependent variant of the DFA. Results for DFAs without the inclusion of the current
density are taken from Ref. 56, except for M06-L. Calculations 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
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presented in the supplementary material. Overall, the current den-
sity is of minor importance for the band gaps. Changes are in the
order of meV. These results are in qualitative agreement with the
two-dimensional MoTe2 monolayer, which consists of atoms from
the same row of the periodic table of elements.

Similarly, the current density does not lead to major changes
for the cell structure or 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 cor-
rection with Becke–Johnson damping8,105–108 (D3-BJ) leads to much
larger changes than the application of CDFT. Therefore, other com-
putational parameters than the inclusion of the current density for
meta-GGAs are more important 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 arbitrary
dimension. The impact of the current density was assessed for var-
ious properties of non-magnetic and magnetic systems. Here, the
band gaps and lattice constants are not notably affected. In con-
trast, the Rashba splitting, which is only due to spin–orbit coupling,
is substantially affected. The inclusion of the current density for a
given functional may lead to larger changes than the deviation of the
results among different functionals.

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

SUPPLEMENTARY MATERIAL

The supplementary material is available with all computational
details and data.
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Della Sala, E. Fabiano, D. A. Fedotov, S. Fürst, S. Gillhuber, R. Grotjahn, M.
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