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Abstract

We perform a formal analysis of relativistic density functional theory for the treat-
ment of spin-orbit coupling (SOC), non-collinear magnetization (NCM) and orbital
current-density (OCD). We identify specific components of the spinors (namely, those
mapped onto imaginary diagonal spin-blocks of the density matrix) that arise from the
SOC operator and define the OCD. We show that these pieces of the spinors only enter
in the bi-electronic part of the potential through the exact Fock exchange (FE) opera-
tor. The lack of FE therefore leads to a correspondingly incorrect physical description
of SOC, NCM and OCD. This analysis is complemented with an illustrative example,
where we show that, while in the absence of FE, the theory fails even at reproducing
the expected right-hand relationship between the NCM and OCD, its inclusion provides

results that match those from a reference SOC configuration-interaction calculation.



Figure 1: TOC

The density functional theory (DFT) arguably represents the most popular method for
the first-principles non- or scalar-relativistic description of the electronic properties of ex-
tended systems.!® Within the plethora of density functional approximations (DFAs) that
have been devised in the last 50 years, hybrid ones, which include a fraction of exact non-
local Fock exchange in their definition, are particularly accurate.® Indeed, hybrid DFAs,
first formally introduced by Becke in 1993 through the adiabatic connection theorem,® par-
tially correct for the self-interaction error present in local or semi-local formulations of the
DFT." 19 As such, hybrid functionals have proven to be particularly effective in the treatment
of systems characterized by localized electronic states, like in strongly-correlated materials,
defective materials, and generally for the description of insulators. ™15

In this Letter, we provide further theoretical arguments on the benefits of hybrid DFAs,
specifically in the context of relativistic DFT, when a spin-orbit coupling (SOC) operator
is included in the Hamiltonian and treated self-consistently, such that the magnetization is
non-collinear and there is a non-vanishing orbital current-density.

A fully relativistic description of the electronic structure of a quantum-mechanical system
requires the Dirac equation to be solved (instead of the Schrédinger equation) and this leads
to a four-component wavefunction (instead of a one-component wavefunction). Alternatively,
the a and 8 small components of the wavefunction can be passed onto the Hamiltonian

using appropriate decoupling transformations, resulting in the well-known two-component



relativistic theories.672°

A well-defined fully relativistic formulation exists for the DFT, based on appropriate den-
sity variables.2672% In particular, it has been shown that in the two-component approach the
appropriate density variables from which DFAs have to be built are the particle-number den-
sity n, the magnetization m (or its curl) and the orbital current-density j.2"? Unfortunately,
in practice, there is a lack of any relativistic DFA within the two-component approach (i.e.
no exchange-correlation functionals have been devised of the type F.[n, m, ]| for the local-
density approximation, LDA, of the type Fj.[n,m,j, grad(n, m,j)], for the generalized gra-
dient approximation, GGA, and of the type F,.[n,m,j, grad(n, m,j), grad2(n, m, j)] for the
meta-GGA, where grad(n, m, j) and grad2(n, m, j) are the sets of first and second derivative
variables associated to the three density variables, respectively).262" In the four-component
approach, the appropriate density variable is the so-called four-current J, but, also in this
case, no explicit functionals have been devised using all of its four components. 2628

Therefore, relativistic DFT calculations must be performed by modifying existing non-
relativistic, one-component functionals, for which several formulations have been suggested. 3034
The most straightforward way of generalizing existing non-relativistic functionals to the two-
component relativistic approach is known as the “collinear formulation” of the DFT, where
only the particle-number density and one of the three components of the magnetization are
used (namely, n and m.).?* The collinear formulation does not result in a rotationally invari-
ant theory. Otherwise, the one-component, non-relativistic functionals are typically “hacked”
in such a way to plug into them the particle-number density and the three components of
the magnetization vector (namely, n and m) within so-called “non-collinear formulations”
of the DFT.3032:3544 Tp the four-component approach, the wavefunction is usually decom-
posed into n and m, or n and m as if it were a two-component wavefunction, using a very
similar procedure.?®% At variance with previous attempts, we have recently shown that the

procedure from which the full n and m are plugged into the functional can result in a fully

rotationally invariant theory using a new non-collinear prescription.3® However, the problem



remains that such non-collinear formulations of the DFT still do not make any explicit use
of the orbital current-density j in the definition of the exchange-correlation functional.

The orbital current-density j is a current of charges induced by the magnetic field created
through the SOC effect. Actually, a similar charge current can also be created in the non-
relativistic theory, through application of external magnetic fields. In this respect, we note
that, for over a decade, work has been done towards the inclusion of the current-density in
the context of the treatment of external magnetic fields in time-dependent DFT.464® This
non-relativistic current-density is however distinct from the one relevant to this Letter, being
defined in terms of one-component eigenfunctions of the Kohn-Sham Hamiltonian, instead
of two- or four-component spinors. The corresponding theory is therefore not applicable to
the treatment of the relativistic SOC-induced current-density discussed here.

In this Letter, through a formal analysis of the relativistic DF'T, we first identify specific
components of the spinors (i.e. those mapped into the imaginary diagonal spin-blocks of the
density matrix), which are due to the SOC, and which define the orbital current-density.
Then, we show how these components (and thus the physics conveyed in the orbital current-
density) do not enter into the definition of the electron-electron potential unless a Fock
exchange operator is included in the Hamiltonian. Fock exchange thus allows for a proper
treatment of not only local magnetic torque,?® but also of the orbital-relaxation contribution
to the orbital current-density, which is crucial when a SOC operator is included in the
Hamiltonian for open-shell electronic configurations. We first discuss these aspects formally
and then through numerical examples from relativistic DFT calculations on the I] molecule.

Our analysis is performed for the case where the wavefunction is described using complex

two-component spinors ¥;, which are expanded in a finite set of n; basis functions y,, as:

nf
Xpu(T) 0
i) => ||+l . (1)

p=1 0 Xpu(r)

The fact that we formally use two- instead of four-component spinors does not take away



from the generality of the analysis. This is because, as previously stated, in practice also in
the four-component case, the full four-current J is not used for evaluating the xc potential
term. So the four-component wavefunction needs first to be expressed in terms of quantities
which originate from the two-component theory (n and m in the non-collinear case, or n
and m, in the collinear case) to permit the use of existing functionals.?6-28:45

We start from the formal definition of the three relevant density variables (n, m, and j)

in terms of occupied two-component spinors. The particle-number density is simply:26:27:4

occ

n(r) = Z Ul(r)®i(r) . (2)

The three Cartesian components of the magnetization m,. (with ¢ = z,y, ) are defined as:

occ

melr) = 30 W) bi(r) )

where the &, are the usual 2 x 2 complex Pauli matrices. Finally, the orbital current-density

reads: 26:2749

) 1 occ

i) =5 D Ur) [VE(r)] - [VE(r)] ¥y(r) . (4)
In order to further analyze how different components of the occupied spinors enter into the
definition of the density variables and potential, we introduce the single-particle density

matrix D, whose elements are:

occ

[DU"/LV = Z [c;‘“]* < (5)

)

where 0,0’ = « or ( label the different spin-blocks of the matrix. In the following, it proves

useful to adopt the compact notation:
DUJI@O—//U,,, E Do_o_/ + DO_IIO_/I/ . (6)

1" 1 1" 1

Daa’@a o = Doa’ —_D (7)



For the particle-number density and magnetization, using the definition of the Pauli matrices,

and by exploiting the Hermiticity of the density matrix, we get the following expressions:

n(r) = Y R[D] xu(r)x(r): (8)
ma(r) = i%[Daﬁ@ﬂmxwr)xxr); (9)
my(r) = g:%[Daﬁeﬂa]qu(r)xy(r); (10)
m.(r) = é%[l)“@ﬁﬂ]mr)xu(r). (11)

It can be seen that: i) n and m, only depend on the real part of the ac and 5 diagonal spin-
blocks of the density matrix; ii) m, on the real part of the o and S« off-diagonal spin-blocks
of the density matrix; iii) m,, on the imaginary part of the a8 and S off-diagonal spin-blocks
of the density matrix; iv) the imaginary part of the acr and 53 diagonal spin-blocks of the
density matrix does not enter into the definition of n and m.

In contrast, proceeding similarly for the orbital current-density j, we obtain:

i) =35 > S[DP] I3 (0) [V (0)] = [V X, (1) (1)} -
v
Therefore, all terms involving contributions from the ID**®%8 components of the spinors
are cancelled in Egs. (8-11), but these are the only terms that survive in the definition of
the orbital current-density j.

We summarize these findings in Figure 2, where a schematic representation of the spin
block structure of the density matrix is given, within a two-component formulation of the
relativistic DFT. Inside each spin-block, the first line reports the corresponding density
variables. In the second line, we list those bi-electronic operators that make use of the
corresponding spin-block of the density matrix in the definition of the electron-electron

potential. It turns out that those bi-electronic operators that are included in non-hybrid



formulations of the DFT (namely, the Coulomb C - also referred to as Hartree - and exchange-
correlation V. ones) do not make use of the imaginary aa and 5/ blocks of the density
matrix. It can be shown that these blocks (used in the definition of the orbital current-
density) are only included into the electron-electron potential through the exchange operator

K, whose imaginary part of the matrix elements reads:

SE™],, == SID7],, (i) . (12)

Py

where (x,xy|XvX,) are bi-electronic integrals, which are purely real in direct space.

So far, we have shown that the imaginary aa and S blocks of the density matrix enter
into the Kohn-Sham bi-electronic potential only if the Fock operator is included (i.e. only
if hybrid functionals are considered), and that these are precisely the blocks of the density
matrix which are used to build the orbital current-density.

Moreover, these imaginary components are non-zero only if a SOC operator is included in
the Hamiltonian. Indeed, they arise from the presence of the corresponding purely imaginary
diagonal spin-blocks of the SOC operator, which satisfy the relation Shgge = —%hg’gc SO
that the SOC operator builds non-zero elements of ID**®%3  and correspondingly a non-
vanishing orbital current-density, only in open-shell electronic configurations. Therefore, the
role of exact Fock exchange is crucial for the treatment of SOC in open-shell systems.

We now discuss the effect of Fock exchange within a relativistic DF'T approach on the
description of the non-collinear magnetization and orbital current-density, through test cal-
culations on a representative example: the I open-shell molecule. All relativistic DFT
calculations, with inclusion of SOC, are performed with a developmental version of the pub-
lic CRYSTAL program, > where we have recently implemented a self-consistent treatment of
SOC in a two-component formalism.?>3% We also perform spin-orbit configuration-interaction
(SO-CI) calculations with the EPciso and CIPSI programs®?®3 to have a reference descrip-

tion from a correlated wavefunction approach. Computational details on these calculations
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Figure 2: Schematic diagram of the spin-block structure of the complex density matrix in
the framework of two-component relativistic DFT. In each block, the first line reports the
density variables which make use of the corresponding spin-block in their definition. The
second line indicates bi-electronic operators which make use of the corresponding spin-block
in the definition of the electron-electron potential. The grey blocks are those used in non-
hybrid calculations. It is clear that the diagonal spin-blocks of the imaginary part of the
density matrix are only used for constructing the orbital current-density j and are only
included in the definition of the bi-electronic potential if the exchange operator K is used in
the Hamiltonian.

are provided in the ESI.

The I linear molecule has the molecular axis along z. All calculations are performed
by using the scalar-relativistic orbitals as a starting guess. Figure 3a shows the spatial
distribution of the magnetization in the xz plane (the color map describes the absolute value
of the magnetization |m|, in atomic units, while black arrows describe the orientation and
length of the Cartesian components of the magnetization in the selected plane). The reported
values are from the reference SO-CI calculation and show a magnetization basically parallel
to the molecular axis everywhere in space. Figures 3b — ¢ show the spatial distribution of the
reference SO-CI orbital current-density in the xz and xy planes, respectively, where it can be
seen that: 1) the orbital current-density is always perpendicular to the axis of the molecule;

ii) it forms circles in the zy plane; iii) the magnetization and orbital current-density obey a

right-hand rule relationship, as could be expected from Ampere’s law.

In order to investigate the effect of Fock exchange in the description of the electronic
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Figure 3: Spatial distribution of (a) SO-CI magnetization in the zz plane; (b) SO-CI orbital
current-density in the zz plane; (¢c) SO-CI orbital current-density in the xy plane; (d) DFT
and SO-CI orbital current-density in the zz plane (the PBE functional of the GGA is used
for DFT calculations, with inclusion of different fractions of Fock exchange). All quantities
are plotted in atomic units. The color map describes the absolute value of the reported
quantity (Jm| or |j|), while black arrows describe the orientation and length of the Cartesian
components of the magnetization in the selected plane.

properties of the system, we have performed relativistic DFT calculations with the PBE
exchange-correlation GGA-type functional,® in its non-collinear “signed-canonical” formu-
lation,*® and with hybrid versions of it by inclusion of different fractions of Fock exchange
(15%, 20%, 25%, and 33%). As expected from the formal analysis above, the spatial dis-
tribution of the magnetization from all DFT calculations (given in the ESI) is found to be
qualitatively similar to the reference SO-CI description in all cases. This is no longer the
case when it comes to the orbital current-density. Figure 3d shows the computed spatial dis-
tribution of the orbital current-density in the xz plane with the PBE functional for different
fractions of Fock exchange. It is evident that the pure PBE result with no Fock exchange
yields an orbital current-density distribution that is very different from the reference SO-CI
result and, moreover, fails at satisfying the expected right-hand rule relationship with its
magnetization. In fact, the PBE orbital current-density globally points in the opposite direc-
tion to all other calculations, while the magnetization does not, which indicates a complete
failure in consistently coupling m with j. From the formal analysis above, this is due to

the lack of the inclusion of the imaginary part of the diagonal spin-blocks of the density



matrix (i.e. those used in the definition of the orbital current-density) in the bi-electronic
part of the potential. On the other hand, as soon as a fraction of Fock exchange is included
in the functional, as a result of the inclusion of the D% components of the spinors in
the bi-electronic potential, the orbital current-density becomes consistent with the magne-
tization and with a spatial distribution qualitatively similar to the reference SO-CI result.
As the fraction of Fock exchange increases, the orbital current-density becomes larger, par-
ticularly so in the bonding region. In this case, the best quantitative agreement with the
reference SO-CI result is obtained with a 20% fraction of Fock exchange. In the ESI, we
provide further views of the orbital current-density in the xz plane at elevated values of y
(specifically y = 1 bohr and y = 2 bohr), to complement the results at y = 0 (center of the
molecule) of Figure 3d. We also provide values of the integrated Cartesian components of
the magnetization and orbital current-density in the plane of Figure 3d, where it can be seen
that the inclusion of a small fraction of Fock exchange in the Hamiltonian yields values of
the integrated components closer to the SO-CI result.

Further insight into the failure of non-hybrid exchange-correlation functionals in the
description of the orbital current-density is also provided in the ESI where the orbital-
relaxation effect on j is shown along the self-consistent field (SCF) process: while the orbital
current-density significantly evolves during the SCF for hybrid calculations, it almost does
not change for non-hybrid functionals so that the final description turns out to depend almost
entirely on the starting guess.

To summarize, in this Letter we have shown that, in the context of relativistic DFT,
the bi-electronic operator makes no use of those components of the spinors that are mapped
onto imaginary diagonal spin-blocks of the Kohn-Sham density matrix. This leads to a
failure in properly coupling the orbital current-density with the magnetization during the
SCF process and results in a poor description of the electronic structure in the presence
of spin-orbit coupling. Moreover, we have shown that this problem can be rectified by the

inclusion of a fraction of exact non-local Fock exchange in the Kohn-Sham Hamiltonian, as

10



done in hybrid functionals. Finally, we note that the limitations of non-hybrid formulations
of the DFT discussed in this Letter arise from the lack of any explicit dependence on the

orbital current-density of any of the existing exchange-correlation functionals.
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