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ABSTRACT: The Rashba spin splitting in uniaxial, inversion-asymmetric materials has
attracted considerable interest for spintronic applications. The most widely used theoretical
framework to model such states is Kohn—Sham density functional theory (DFT) in
combination with standard (semi)local exchange—correlation density functional approx-
imations (DFAs). However, in the presence of spin—orbit coupling, DFT misses
contributions due to modification of the many-body interaction by spin currents J.
Inclusion of the latter effects requires a spin current DFT (SCDFT) formulation, which is
seldom considered. We investigate the giant Rashba splitting in single-layer WSe,, and we
quantify the effect of including spin currents in DFAs of the SCDFT. Crucially, we show
that SCDFT allows fully capturing the giant Rashba band splitting in single-layer WSe,,
otherwise previously systematically underestimated by standard (semi)local DFAs within
the DFT framework. We find the inclusion of J on the DFA increases the Rashba splitting by
about 20%.

! I ' ransition-metal dichalcogenides (TMD) are layered meV for both WS, and WSe, single layers by photo-

materials of MX, stoichiometry (with X = S, Se, Te) luminescence.*”
that have attracted considerable interest in recent years. Theoretical calculations based on the density functional
Depending on the metal (usually M = Mo, W), TMDs can be theory (DFT)—with a description of the spin—orbit
semiconductors, semimetals, or superconductors.'~* The interaction—have played a crucial role in the investigation of
electronic properties of TMDs can be effectively tuned by the exotic physics of this class of 2D materials.” >
controlling their thickness.”~'’ In particular, single-layer Indeed, most electronic structure packages can deal with SOC
TMDs, because of various quantum confinement effects, by inclusion of the corresponding one-body term in the
combine peculiar electronic, optical, and mechanical proper- Kohn—Sham (KS) equations and treat it either Af)eaf;
ties, which make them promising for flexible electronics and consistently or through second-variational approaches.”
optoelectronics.'' ~'® For instance, because of their semi- But the DFT Hamiltonian does not include SOC! Thus,

conducting band gap of about 1.1-2.0 eV,'”'* TMD single formally, DFT—which adopts energy functionals of the form
layers are considered good candidates as channel materials in E,.[n] with n being the particle-number density—can not deal
field-effect transistors (FETs) and solar cells.'*>" In with SOC nonperturbatively. An inclusion of SOC in the
particular, single-layer TMDs allow for a more eflicient gate .Hamil.tonian leads dire;tly to the spip-current D FT (SCDFT),
tunability and for a larger current on—off ratio than their 1nvolv11}g energy functlonalxs nyc["’ J] z%el 4(;nd1ng also on the
multilayer counterparts.'” The band gap is likely of direct K — n0{1collmear spin-currents J%, J, ‘and T ‘ Also note tha't J
K nature, with a quasi-degenerate indirect K — Q transition, being the tensor product of sﬁ;ﬁgand ordinary current, is a
which can be stabilized by strain engineering *2~2* time-reversal invariant quantity.”" Applications of SCDFT to

Space inversion symmetry (SIS) breaking and time-reversal real materials thus require extensions of regular density
symmetry (TRS) preservation, together with large spin—orbit
coupling (SOC), induce giant Rashba type I spin splitting at Received:  May 30, 2024
the top of the valence band (VB) in single-layer TMDs of Revised:  July 10, 2024
about 150—500 meV at K.*”*° Additionally, the interplay Accepted: July 10, 2024
between inversion asymmetry and SOC yields a smaller spin
splitting between the two lowest lying conduction bands (CB)
in the K valley,”" which was very recently measured at about 12
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Figure 1. (A) Electronic band structure of 2D single-layer WSe, with (blue line) and without (black line) SOC. The main band splittings and
transitions are highlighted. (B) Valence Rashba splitting A, according to DFT and different versions of SCDFT. Empty and full symbols
correspond to calculations without and with a dependence on the spin current density J of the xc potential, respectively. For PBE-based
calculations, results are also shown from geometry optimizations with SOC (purple versus blue symbols). The horizontal red line and area mark the
experimental value along with its uncertainty: 513 + 10 meV. (C) Color maps of the spatial distribution of J* in the xy plane close to a Se atom
computed without (top) and with (bottom) inclusion of the spin current density in the xc potential. The color identifies the absolute value of the
reported quantity, while the length and direction of the superimposed black arrows represent the magnitude and direction of their in-plane
Cartesian components. (D) Top view of the atomic structure of single-layer WSe,, superimposed to a color map of the distribution of J¥, in the xy
plane of the Se atoms, highlighting its spatial localization close to the atomic centers. (E) Conduction Rashba splitting A, along the 'K path as
computed without (dashed lines) and with (solid lines) inclusion of the spin current density in the xc potential; red segments mark the
experimental value at K of 12 + 0.5 meV. Data in panels A, C, and D are computed with the PBE xc functional with a fraction of Fock exchange a =
20%. Spin current density maps and band plots are produced with the CRYSTALpytools Python interface to CrysraL.”>

functional approximations (DFAs) as well as extended self-
consistent field procedures.

In setting up a SCDFT-based approach, it is crucial to take
into account that J is not a U(1) X SU(2) gauge-invariant
quantity, while the xc energy itself is—and thus approxima-
tions thereof must be—gauge-invariant. As a result, only
certain combinations of densities may legitimately appear in
E,., which typically require explicitly orbital-dependent func-
tionals.”*~>* For instance, one solution is provided within the
domain of meta-generalized-gradient approximations
(MGGAs) from the fact that, for the time-reversal invariant
states here considered, the combination 7 — J* - J%/2n is gauge-
invariant (here 7 = %Zk ®/®, is the explicitly orbital-
dependent kinetic energy-density, and @, are the Generalized
Kohn—Sham orbitals).””****  Alternatively, nonlocal Fock
exchange (and thus hybrid DFAs) offer a straightforward
way of capturing SOC self-consistently without invoking spin
currents explicitly.”> At small interparticle separation, a one-to-
one correspondence may be established between spin-blocks of
the complex density matrix (and thus of the Fock potential)
and spin currents.”” To keep the discussion compact, in the
following we shall say that currents are included or not

included in hybrid calculations, when corresponding spin-
blocks of the Fock potential are included or not included, as
explained in ref 54.

In this Letter, we analyze SOC-induced modifications to the
electronic band structure of single-layer WSe, (including band
gaps and Rashba band splittings in the top of the valence and
bottom of the conduction bands) beyond the ordinary DFT.
Otherwise missing effects due to modification of the effective
potential by SOC-induced spin-currents are quantified. More-
over, we carefully analyze the SOC-induced structural
relaxation at the SCDFT level and determine its impact on
the electronic structure of single-layer WSe,.

All calculations are performed with a developer’s version of
the CrysTaL package for electronic structure calculations of
materials.*”>> Reciprocal space of the 2D system is sampled on
a regular 32 X 32 Monkhorst—Pack net within the reciprocal
primitive cell, which corresponds to 61 and 1024 independent
k points when symmetry is (without SOC) and is not (with
SOC) exploited, respectively. Convergence of the self-
consistent field (SCF) process is achieved when the difference
in energy between two successive cycles does not exceed 1 X
107 a.u. Crystalline orbitals are expressed as linear
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Figure 2. (Top panel) Direct Ay (circles) and indirect Ay, (triangles) band gap of single-layer WSe, from DFT and SCDFT calculations. Black
symbols represent scalar-relativistic values (without SOC). Colored symbols are for calculations with SOC. Empty and full symbols correspond to
calculations without and with a dependence on the spin current density J of the xc potential, respectively. The horizontal red lines and areas mark
the experimental values of 2.20 = 0.10 €V and 2.12 =+ 0.06 eV for the optical gap.”® (Middle panel) Effect of SOC on the direct Ay band gap. The
first bar represents the total effect of SOC; the second bar, the effect of the inclusion of the spin current density J on the xc potential; the third bar,
the effect of SOC on the band gap due to its induced structural relaxation. (Bottom panel) Same as in the top panel for Ap. The horizontal red line
and area mark the experimental value of 0.64 + 0.06 eV.*°

combinations of atomic orbitals.”® We use the ECP60MDF configurational four-component Dirac—Coulomb—Breit calcu-
and ECP28MDF effective-core potentials by Dolg and co- lations.””*® The valence basis sets are those from ref 59. We
workers, for W and Se, respectively, derived from multi- use the PBE generalized-gradient approximation, GGA, xc
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functional (plain and hybridized with a fraction & of exact Fock
exchange) % as well as the r’SCAN meta-generalized-gradient,
meta-GGA, xc functional,’’~** in its original (SU(2) gauge-
dependent) version and in its (SU(2) gauge-invariant),
current-dependent version J-r*SCAN.>® SOC integrals are
computed analytically for both the energy®* and forces,”® and
SOC is treated self-consistently,>>>*5*¢°~7!

The electronic band structure of single-layer WSe, is shown
in Figure 1A, as computed with (blue line) and without (black
line) SOC. The most important features of the band structure,
including band gaps and band splittings, are highlighted. Figure
1A,D also shows the atomic structure of the system from side
and top views, respectively. Based on experimental evidence,
the system is likely to exhibit two nearly degenerate band gaps:
a direct band gap at K, Ay, and an indirect one Ay, with Q
close to the midpoint along the I'=K path. Scanning tunneling
spectroscopy measurements resulted in Agg = 2.20 + 0.10 eV
and Agq = 2.12 + 0.06 eV.”° The direct and indirect band gap
values obtained from our calculations are reported in Figure 2
(top panel), where they are compared to experimental values
(red horizontal lines). Let us note that the calculated values are
representative of fundamental band gaps, while the exper-
imental values were obtained from optical experiments. Scalar
relativistic values (obtained without SOC) are given as black
symbols. Colored symbols are for calculations with SOC.
Empty and full symbols correspond to calculations without and
with a dependence on the spin current density J of the xc
potential, respectively. The effect of SOC on direct band gap
Ay is further highlighted in the middle panel of Figure 2. The
following are observed: (i) In the absence of SOC, our
calculations systematically describe Agx < Agq (i, a lower
direct than indirect gap, with differences in the range of 0.12—
0.20 eV). (ii) The inclusion of SOC systematically decreases
both indirect and direct gaps, with a larger effect on the former,
which brings the two transitions Ay and Ayq to be nearly
degenerate (differences of 0.01 eV for PBE; 0.03 and 0.05 eV
for hybrid PBE with fractions a of exact exchange of 15 and
20%, respectively; and 0.05 eV for J-r’SCAN). (iii) The PBE
and r’SCAN xc functionals of the GGA and meta-GGA,
respectively, tend to significantly underestimate the band gaps
relative to the experimental values (i.e., by about 0.6 eV, that is
by about 30%). As expected, the hybridization of PBE with a
fraction a of exact exchange produces an increase in the
computed band gaps. Optimal values of 2.0-2.3 eV are
obtained with a = 0.15—0.20. (iv) The effect of SOC on, the
direct gap from calculations with DFAs without J is
consistently around 0.26 €V (i.e., from PBE, hybrid PBE and
r*SCAN DFT calculations). _{v) The inclusion of the SOC-
induced spin current density J on the xc functional within the
SCDFT yields an extra effect on the gap of about 0.05—0.08
eV (i.e., about 20% of the total SOC effect).

The energy difference between the top of the VB at K and
the top of the VB at " (see Figure 1 A for definition) has been
measured by scanning tunneling spectroscopy: Ary = 0.64 =+
0.06 eV.*® Our computed values are compared to this
experiment in the bottom panel of Figure 2. Scalar relativistic
DFT calculations tend to systematically underestimate this
value. SOC significantly affects this feature of the band
structure, increasing it by about 0.15 eV with DFT and 0.2 eV
with SCDFT. Thus, the inclusion of the spin current density J
on the xc functional is found to enhance the effect of SOC by
an extra 25% in this case. In terms of absolute values, we
observe that hybrid PBE gets close to the observed

7445

experimental value with just a slight underestimation (with a
in the optimal range of 0.15—0.20 determined above from the
analysis of band gaps). Interestingly, although J-r*SCAN
provides a significantly lower absolute value (due to a lower
scalar relativistic value), it is found to quantitatively match the
effect of SOC from hybrid PBE.

Let us now analyze SOC-induced Rashba band splittings in
the single-layer WSe,. The system exhibits a giant Rashba,
type-1, splitting, A,, at the top of the valence band (VB) at K
(see Figure 1A for a graphical representation); a value of 513 +
10 meV has been measured via angle-resolved photoemission
spectroscopy (ARPES).*® Many theoretical studies have tried
to reproduce such a feature by use of different flavors of the
DFT: a very consistent picture emerges with a systematic
underestimation of the splitting by about 10—15%.9’30’73_7j
Here, we show that the inclusion of the spin current density J
on the many-body potential (i.e.,, the extension of DFT to
SCDFT) precisely accounts for about 18% of the SOC-
induced VB splitting in single-layer WSe,, closing the gap
between the computed splitting and the experimental value.
We present our results in Figure 1B. The following are
observed: (i) All calculations without spin currents in the xc
potential (empty symbols) provide values of A, in the range
410—425 meV, that is about 18% lower than the experimental
value. (ii) The DFT values of 410—425 meV are consistent
across different classes of xc functionals (pure GGA, hybrid
GGA, and meta-GGA). (iii) The inclusion of the spin currents
in the xc potential (i.e, SCDFT, full symbols) results in an
increased value of A, by about 18—20% either when currents
are included explicitly (as in the J-r’SCAN approach) or
implicitly (as in the hybrid PBE approach, for optimal values of
a of 0.15-0.20).

A SOC-induced Rashba band splitting, A, also occurs at the
bottom of the conduction band (CB), as recently measured to
12 + 0.5 meV at K by photoluminescence.”” See Figure 1A for
a graphical representation. Previous DFT investigations based
on local density and generalized-gradient approximations
(LDA and GGA) have systematically resulted in its over-
estimation with values of 38—40 meV.”*”>’® We analyze such
Rashba splitting in the conduction band along the whole '-K
path in Figure 1E, as computed without (dashed lines) and
with (solid lines) inclusion of the spin current density in the xc
potential. Results are presented for both strategies to SCDFT:
explicit and implicit inclusion of J in J-r’'SCAN (green lines)
and hybrid PBE (blue lines), respectively. The following are
observed: (i) The maximum Rashba splitting occurs at the Q
point, with values as large as 300 meV. (i) The effect of the
inclusion of J on the splitting close to Q is of about 70 meV
(i.e., about 23% of the total). (iii) The computed value of A_ at
K is about 15—20 meV, close to the experimental value of 12 +
0.5 meV.

In conclusion, we stress that the key to these SCDFT results
is the possibility to account for SOC self-consistently while
employing energy functionals and effective potentials that
depend (implicitly ox explicitly) on spin currents. Indeed, it is
this dependence on J that unlocks a full SOC-induced orbital
relaxation.””” Without spin currents in the xc potential, any
SOC-including calculation with a (semi)local DFA reduces to
a second-variational post-self-consistent approach,* for all
practical purposes. Figure 1C further shows this by comparing,
on the same scale, the spin current J* in the xy plane close to a
Se_atom computed without (top) and with (bottom) inclusion
of J in the xc potential. These orbital-relaxation effects on an
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SOC-induced quantity such as a spin current density are only
possible within an SCDFT framework and can not be
accounted for within the commonly used DFT framework.
We have shown that our two present strategies for SCDFT
(explicit or implicit inclusion of J in J-r*SCAN and hybrid
GGA) both allow for an effective description of the effect of
SOC on the electronic band structure. Crucially, SCDFT
allows full capture of the giant Rashba band splitting in single-
layer WSe,, which is otherwise systematically underestimated
by standard (semi)local DFAs within the DFT framework. We
conclude by highlighting advantages and disadvantages of the
two SCDFT, approaches adopted here. J-r*SCAN  explicitly
depends on J without adjustable parameters but leads to the
underestimation of the band gaps. The hybrid functional
approach, on the other hand, has an adjustable parameter a,
but its optimization leads to an optimal description of band
gaps and SOC-induced features of the band structure. Work is
currently underway to develop further strategies for SCDFT,
which may combine the advantages of both approaches.
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