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SUMMARY

The spin-orbit-induced spin splitting of energy bands in low-symme-
try compounds (the Rashba effect) h as a long-standing relevance to
spintronic applications and the fu ndamental understanding of sym-
metry breaking in solids, yet the knowledge of what controls its
magnitude in different materials i s difpcult to anticipate. Indeed,
rare discoveries of compounds wi th large Rashba coefbcients are
invariably greeted as pleasant surprises. We advance the under-
standing of the OORashba Scale OO0 using the OOinverse designOO0 approach
by formulating theoretically the r  elevant design principle and then
identifying compounds satisfyi ng it. We show that the presence of
energy band anti-crossing provide s a causal design principle of com-
pounds with large Rashba coefbcient



We show in this paper that the magnitude o f Rashba coef cients in different com-
pounds is not well correlated with the magnitude of the SOC, and that the hallmark
of strong Rashba coef cient is the appearance of energy band anti-crossing of the
Rashba split bands. This has a few immediate consequences: First, because all topo-
logical insulators must have band anti-crossing, we show that all non-centrosym-
metric topological insulators having non-zero electric dipole (i.e., topological insu-
lators [TIs] that can have a Rashba effect) must be strong Rashba compounds. This
provides a causal physical explanation for previous occasional observations of TIs
having large Rashba coef cients and establishes a new cross-functionality: to-
pological Rashba insulators (TRIs). Searching current databases of TI com-
pounds for TI members that are also non-centrosymmetric with non-zero elec-
tric dipole predicts a few TRIs such as ShTe,Se and TIN with calculated large ar
of 3.88 eVA and 2.64 eVA in the valence bands, respectively. Second, we show
that the anti-crossing theory of the Rashba scale can be used to identify new strong
Rashba compounds by a different route—starting from known non-centrosymmetric
structures—and identify those that also have anti-crossing bands. This approach led
to identi cation of 34 previously synthesized strong Rashba compounds, including
the already known GeTe and BiTel, as well as compounds that have been previously
synthesized but were unappreciated as Rashba compounds, let alone as strong
Rashba compounds, such as BiTeCl P6smc), PbS R3m), and K,BaCdSh, (Pmc2;)
with Rashba coef cients of 4.5, 4.6, and 5.3 eVA, respectively. Additionally, we
also identify 165 weak Rashba compounds with Rashba parameter smaller than
1.2 eVA and Rashba spin splitting (RSS) larger than 1 meV (see

1). We hope that these predictions will be tested experimentally.

The theory above follows an inverse design approach: it predicts target properties
based on physically motivated models that directly connect the existence of the



compounds that have larger than 1 meV spin splitting near the valence band
maximum. This gives a broader impression of the distribution of the magnitude of
the Rashba coef cients than what is currently available from isolated literature calcu-
lations. We focus on compounds with intrinsic dipoles (“bulk Rashba effect,” 3 de-
noted as R-1). We exclude (1) magnetic canpounds (no time-re versal-symmetry)
in which the Zeeman effect is observed instead, '@ (2) surfaces or interfaces
induced Rashba effects (the “R-0" effect), "






dispersed band, large momentum offset, and small RSS. These trends translate into
large ar (as in BiTel) and smallai (e.g., KSnSe,).

In establishing whether these characteristic dispersion shapes also have a causal
relationship with the magni tude of the Rashba coef cient in a given material (rather
than in chemically dissimilar compounds such as KSnSe, and BiTel), it would be use-
ful to control the dispersion shapes in the same material. Unfortunately this is not
easy to do with DFT since the band shape can strongly depend on the atomic
composition, lattice symmetry, and specic orbital interactions. Nevertheless,
such shape engineering of band dispersion is readily possible within a tight-binding
(TB) model which, however, does not have the additional virtue of material realism.
Our strategy is therefore to use a simple TB model that enables transmuting the
shape of Rashba band dispersion between the two prototypes of , thus es-
tablishing what controls large versus small Rashba effects in a toy model, then use
this TB identi cation of a metric in precise an d material speci c (3D) DFT calculations
and observe how this reveals strong versus weak Rashba effects in real compounds.
To this end, we constructed a model Hamilton ian including the minimal essential in-
gredients at play, namely: two orbitals at different sites, opposite effective mass
sign, and SOC (tsoc). For illustrative purposes, we only consider s- and py-orbitals in-
teracting through the hopping term tg,



proportional to the SOC (i.e., ar = 2atsoc), and decreases as the inter-orbital interac-
tion increases, since orbitals are deformed by the atomic bonding. * However, for
anti-crossing bands in TB, ar and RSS depend on the inter-orbital coupling strength
(an effect absent from ), as shown in . We see that with weak inter-
orbital interaction, aris much larger than the SOC itself (agr = 4 eVA for SOC of 0.5
eV) and the RSS also reach large values (here, 400 meV; ( ). Bothagand RSS
decrease monotonically as the orbital interaction increases. For strong inter-orbital
interaction, the agr reaches a constant value corresponding with the Rashba effect
without anti-crossing. The RSS tends to values smaller than 50 meV, showing that
even for anti-crossing bands, while the Rashba parameter is large the RSS is not
necessarily large.

As already noted, the TB model lacks material realism, but we can test via realistic
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(A) BiTel, (B) PbS, (C) Sb2Se2Te, and (D) GeTe (codes 74501, 183243, 60963, and 56040 in the
Inorganic Crystal Structure Database, respectively). The green and magenta color scales stand for
the orbital contribution to the CBM and VBM at the time-reversal high-symmetry k-points,

the unit cell to non-zero value. Thus, according to the proposed theory, all non-
centrosymmetric TIs having local dipoles that add up to non-zero are strong Rashba
compounds. This observation will be used below to explain previously puzzling
observation of trends in Rashba effects in Tls and to identify compounds that have
the cross-functional property of TIs while also being Rashba materials (TRIs).

Experimental evidence of trends in Rashba behavior in non-centrosymmetric Tls was
observed in thin Ims of n formula units (Bi»Ses), of the Tl Bi>»Se; grown in a SiC sub-
strate. shows the experimentally estimated Rashba coef cient for
different repeat units nin (Bi,Ses) plotted against the estimated effective electric po-
tentials that re ects the breaking of in version symmetry (generated here by the



induced electric dipole of SiC substrate). As seen in , this electric potential
changes whenn increases, but it remains almost the same forn=4 and n =5, so both
the SOC and the electric dipole are almost constant for these n values. This leaves

unexplained the Dag= 1.15 eVA



as Tl candidates, Tang et al.



inter-atomic bonding, which can be distributed in such a way that the dipole



small in the reported lists, which is not related to existence of Rashba materials in na-
ture. Indeed, we emphasize that these lters (band gap and NC space groups, lines ¢
anddin ) are not conditions for the speci c selection of either weak or strong
Rashba compounds. The highlight here is that all selected TRIs are predicted to be
strong Rashba compounds, as predicted by the proposed de nition of the Rashba
scale as a consequence of the existence of energy band anti-crossing.

The previous section looked for the interesting cross-functionality of Tls that are also
Rashba compounds, starting from Tls and downselecting those that are Rashba like.
The complementary search, ignored thus far, starts from Rashba compounds and
downselects those that have anti-crossing bands even if they are not Tls. It turns
out that the yield of this complementary search is much larger than that of the pre-
vious search.

As we will start from Rashba compounds, one needs to note that there are a few
types of Rashba band splitting compounds: when the splitting is either between
different valence bands, between different conduction bands, or between valence
and conduction bands. For instance, as A shows for KSn,Sey, the interaction
between the valence bands G, and G%, along the G-X symmetry path is symmetry
allowed, leading to a strong Rashba effect inside the valence bands. However, there
is no anti-crossing between valence and conduction bands, so the Rashba effect at
such a band edge is weak. Here, we are interested primarily in compounds featuring
band edge Rashba splitting, i.e., near the VBM or CBM. To this end we will focus only
on anti-crossing between these band edge states.

describes the selection strategy based on our design principles, which is

divided into three lItering processes, shown in the vertical column in .
Il provides more technical details on the selection strategies.

We consider a database of Rashba R-1 compounds, i.e., in which the inversion sym-
metry is broken by dipoles generated by intrinsic polar atomic sites (steps 1 and 2
below). Such a database has not existed as yet and will be constructed below. After
this we will downselect those Rashba compounds that have band anti-crossing (step
3 below). Our 3 steps are as follows.

(1) Find non-magnetic gapped compounds calculated previously by DFT (lter 1
in ). Our starting point is the AFLOW-ICSD database (note that most
compounds in ICSD have been previously synthesized), containing 20,831
unigue compounds with less than 20 atoms per unit cell that were calculated
by DFT (see for details). Next, we downselect ( Iter
lin ) those compounds that have time-reversal symmetry (non-mag-
netic) resulting in 13,838 non-magnetic compounds, from which 6,355 are
gapped non-magnetic compounds (band gap larger than 1 meV). We note
that the aforementioned database use d as magnetic con guration a ferro-
magnetic ordering.

(2) Find the subset of non-magnetic ga pped compounds that has non-centro-
symmetric space group with at least one polar atomic site and non-zero
dipole (lter2in



cancellation of dipole can be found in I11). This
gives 867 compounds that are Rashba non-metals.

(3) Sort out the subsets of Rashba non-metals with anti-crossing bands (type |
Rashbg) and with no anti-crossing bands (type Il Rashba) (Iter 3 in ).
To do so we perform high-throughput DFT calculations including SOC of the
band structure and spin texture for the 867 Rashba non-metals in order to
identify anti-crossing bands and classify them into strong and weak Rashba
compounds (DFT details are given in ). We nd
286 Rashba compounds with spin splitting positioned within 30 meV or less



(see B). However, for anti-crossing bands, the orbital character for k-vectors
smaller and larger than the momentum o ffset is expected to be different (see






identi ed compounds provide a platform for spin-conversion devices and the
exploration of phenomena potentially hosted by Rashba compounds.

The DFT band structure calculations were performed using the Perdew-Burke-Ern-
zerhof generalized gradient approximation (PBE) exchange-correlation functional
and the Hubbard on-site term * as implemented in the Vienna Ab-initio Simula-

tion Package. We use the theoretical structures predicted in the AFLOW-data-

base by initially setting the magnetic con



the k-pointin which the sign of the derivatives changes (i.e., the momentum offset kg)
and the value of the spin splitting ( Er) to compute the Rashba coef cient, i.e., ar =
2ER=kR



approximation leads to the same results expected in a k, p model (e.g., the Hamil-
tonian in ) using the L, Sterm (i.e., the Rashba term agsyky in one-dimen-
sional system), as we show below.
Fork/ 0, considering that t,, = tll; = t/¥, this Hamiltonian results in a very simpli-
ed expression for the p-orbital interaction, namely,
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with opposite effective mass, as illustrated in the proposed 1D chain with two
atomic species.

Note that we used here the s-orbitals as notation for states with total angular mo-
mentum equal to J = 1/2, and hence the discussion previously presented is for
instance also extended to p,-orbitals, which leads to a non-zero SOC. The pure s-or-
bitals should result in a zero RSS, since the SOC is zero. In fact, the obtained Hamil-
tonian H&pis similar to that discussed in Acosta and Fazzio for the interaction be-
tween states with total angular momentum J = 1/2 and J = 3/2.
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