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Abstract

We have carried out a comprehensive study of the influence of electronic structure
modeling and junction structure description on the first-principles calculation of the
spin polarization in molecular junctions caused by the chiral induced spin selectivity
(CISS) effect. We explore the limits and the sensitivity to modelling decisions of a
Landauer / Green’s function / density functional theory approach to CISS. We find
that although the CISS effect is entirely attributed in the literature to molecular spin
filtering, spin-orbit coupling being partially inherited from the metal electrodes plays
an important role in our calculations, even though this effect cannot explain the experi-
mental conductance results. Also, an important dependence on the specific description
of exchange interaction and spin—orbit coupling is manifest in our approach. This is
important because the interplay between exchange effects and spin-orbit coupling may

play an important role in the description of the junction magnetic response.


martin.zoellner@chemie.uni-hamburg.de
carmen.herrmann@chemie.uni-hamburg.de

Our calculations are relevant for the whole field of spin-polarized electron transport
and electron transfer because there is still an open discussion in the literature about
the detailed underlying mechanism and the magnitude of relevant physical parameters

that need to be included to achieve a consistent description of the CISS effect.

1 Introduction

Chiral induced spin selectivity (CISS) is an effect first described in the late 90s, observed in
either the transport or transfer of electrons through chiral molecules or molecular assemblies.
The effect translates into the onset of spin polarization, i.e. one of the two spin components
has a larger probability of making it through the molecule, depending on its orientation
with respect to the transport direction.” This effect has been demonstrated for a variety
of molecular systems at room temperature. In addition to its importance for fundamental
science, the CISS effect has large potential for applications such as spin-dependent chemistry;,
electrochemical water splitting,®® enantiomer separation with achiral magnetic substrates,”
and spintronic devices.?® It may also contribute to the large efficiency of electron transfer
in biological systems due to the coupling of spin angular momentum and linear momentum

reducing backscattering.?”

The CISS effect has been observed in tunneling junctions,*” in photoemission through chiral
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monolayers, in electrocatalysis, in enantio-selective response to magnetic polariza-

tion,™¥ and in magnetism-related properties induced in a conventional superconductor®® for
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a variety of molecules ranging from DNA 5 peptides and proteins? to helicenes.
Most, but not all of these systems are helical. While most experiments were done on molec-
ular ensembles, the effect has been shown in single-molecule junctions.'? Despite initial
assumptions that the SOC of the substrate (gold) might play a role, substantial CISS has

been observed in photoemission on substrates with small SOC (aluminium and copper).t#<



In conductance measurements, spin polarizations of up to 60% were obtained for a single
22-amino-acid a-helical peptide on a gold substrate contacted by a nickel tip.*? This is in
line with a difference in single-molecule current of roughly one order of magnitude between
electrons of different spin orientations in conductance experiments on 14-amino-acide pep-
tide monolayers on nickel, contacted via gold nanoparticles,*” and with the substantial spin

polarizations measured for molecular systems in various other experimental configurations.”

A theoretical description of CISS requires taking spin—orbit coupling (SOC) into account.
While tight-binding and first-principles theoretical descriptions of a related effect, spin split-

ting in surface states of Au(111) surfaces induced by Rashba SOC,*# can yield quantitative
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accuracy, such tight-binding and first-principles®®3? descriptions of the CISS effect

so far underestimate it by several orders of magnitude.”®3% It has been suggested that this

2529 or local leakages,®” which can be modeled in terms of

discrepancy is due to dephasing
Biittiker probes.#®"#> There is also substantial debate in the current literature as to whether
CISS can be observed in two-terminal configurations at all.#** Other proposed explanations
include nonmagnetic electrodes becoming spin-polarized in a nonequilibrium situation due

to the presence of the chiral molecule,”” charge transfer between molecule and substrate,®!

and electron correlation in nonequilibrium playing a substantial role.">

A first-principles-based description of CISS is essential for understanding subtle aspects of
structure—property relationships, and for predictive simulations. Deciding which of the men-
tioned suggestions is (or are) essential for a reliable first-principles description of CISS is
a formidable task. It is further complicated by the fact that even for phenomena where
the basic physical mechanisms are known, practically feasible approaches such as Kohn—
Sham density functional theory (KS-DFT) may yield quantitatively and sometimes even
qualitatively wrong results with an inappropriate choice of the approximate exchange—
correlation functional.®#* Particularly challenging for KS-DFT, both from practical and

formal perspectives, are spin-related properties such as spin crossover and exchange spin



coupling.® 2 There are also formal issues when combining KS-DFT with nonequilibrium

phenomena, 3926759

Nonetheless, KS-DFT has proven very successful in understanding single-
molecule conductance.*?5?°%l Absolute conductance values from the experiment are hard to
reproduce because of issues such as structural fluctuations and level alignment,*” but trends
and qualitative properties are described very well in many cases, and it is possible to get
the right order of magnitude for conductance.®! This is in contrast to CISS, where present-

day first-principles (and tight-binding) results are consistently lower than the experimentally

required values, by several orders of magnitude.

In addition to future experiments and further developments of theoretical models, statistical
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analyses of errors and uncertainty quantification and machine-learning approaches
may help establishing a reliable first-principles theory of CISS. As a first step, we need to
identify how first-principles modeling decisions affect central quantities relevant for CISS.
This is interesting and necessary even before a full first-principles theory has been established,
to prevent identifying a certain theoretical approach as quantitatively correct due to error
compensation later on. To this end, we build on our previous work,*” in which we had
identified the imaginary part of the effective single-particle Hamiltonian matrix (in Hartree-
Fock theory or KS-DFT: the Fock matrix) as responsible for SOC-induced spin polarization
in closed-shell systems within the Landauer approach.This approach describes the correct
qualitative behavior of CISS when changing helicity or molecular length,*? so it is likely that

it plays a part in modeling CISS (with a yet unknown amplification mechanism missing, as

discussed above).

We first analyze the influence of metal clusters modeling the electrodes by changing their
shape, size, and material (Cu, Ag, Au) for the same ideal carbon helix as studied in our
previous work, =" followed by an analysis of the effect of going from equidistant to alternately
spaced carbon atoms in the helix. This is important since parts of the SOC may be inher-

ited by the electrode, and this inheritance may be affected by the electronic and atomistic



structures of both helix and electrode. We then look into the dependence of the quantities
entering spin polarization in CISS on modeling decisions such as the admixture of exact
exchange in the approximate exchange—correlation functional. This is important since the
imaginary part of the effective single-particle Hamiltonian matrix (in a framework including
SOC) depends on it. ™ Finally, we do a representative check of how a our findings for an
artificial system transfer to realistic systems, by varying the exact exchange admixture for

the spin polarization in a helicene derivative.

2 Theoretical background

In the vast majority of theoretical studies, it is assumed that spin—orbit coupling plays a
decisive role for understanding CISS (even though it has been suggested that it is possible to
ST)

induce spin-polarized currents in the absence of SOC in helical systems®"). This is consistent

with the fact that for curved carbon systems, SOC is roughly three orders of magnitude larger
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than for flat graphene (where it is around a few peVe*e0),

2.1 Spin—orbit coupling

For a single electron moving within the potential of a nucleus, spin—orbit coupling is the
interaction of the electron’s spin with its motion in the nuclear potential. This type of
interaction can be described by the Breit-Pauli Hamiltonian,®” where the one-electron SOC

is given as
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where m, is the mass of the electron, ¢ is the speed of light, Z; is the charge number of

nucleus 7, p, is the momentum operator of electron ¢, §; is the spin operator of electron 7,



and r;7 is the distance between nucleus I and electron 1.

In many-electron systems, additional spin—orbit coupling terms arise due to the potential
and motion of the other electrons. Those two-electron SOC terms can be split into two

contributions, the spin—same-orbit coupling,
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and the spin—other-orbit coupling,

. 1 i X H.) - §.
FBPysoo _ Z(r] pz) SJ‘ (3)

m2c? r3

i gl
r;; is the operator corresponding to the distance between electron ¢ and electron j.

In many KS-DFT calculations, two-electron SOC is neglected [1]

2.2 Electron transport considering spin—orbit coupling

To estimate the CISS effect based on KS-DF'T electronic structure calculations, we employ
the Landauer-Imry-Biittiker approach,® which assumes coherent tunneling as the transport
mechanism. This is a good assumption for the short oligopeptides for which CISS has been

studied experimentally,?™ and for helicend?}

When combined with first-principles electronic structure methods relying on an effective
single-particle picture, the Landauer-Imry—Biittiker approach is based on a partitioning

scheme,” where the effective single-particle Hamiltonian matrix (in the following shortly

IParts of the two-electron SOC can, for instance, be approximated in a one-electron formulation by using
the Kohn-Sham potential for the calculation of the SOC instead of the bare nuclear potential.®®

2The description of transport for longer molecules, e.g segments of DNA,®2 requires the inclusion of
incoherent transport.



called Hamiltonian matrix) of the complete junction is partitioned as

H;, Vi 0
Htot = VCL Hc VCR . (4)
0 Vg Hp

H is the Hamiltonian matrix of the left electrode, Hp the Hamiltonian matrix of the
right electrode, H s the Hamiltonian matrix of the central region, and V xy describes the
coupling of region X with region Y. This partitioning requires single-particle basis functions
which are (at least mainly) localized in the respective regions, as is the case for the popular
atom-centered Gaussian basis functions. To estimate the CISS effect, we use an approach
described, among others, in Refs."#% If SOC is considered in DFT, single-electron quantities
become two-component spinors, and all matrices assume the form
Y LY 1A

M = . (5)
MiT Mu

The tunneling current for electrons originating with spin orientation ¢ from the right elec-
trode and arriving with spin orientation o’ at the left electrode (0,0’ € {1,]}) can be
calculated as

(& E+% /
Lo =1 [ 1o (E)E. (6)
h E—%

where F is the energy, V' is the applied bias voltage, which is assumed to drop symmetrically
in the two junction electrode, and T is the transmission function. The transmission function
roughly describes the probability of an electron originating with spin orientation ¢ and

arriving with spin orientation ¢’ to tunnel through the central region from right to left. It



can be calculated as
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where I';, and T';, are the so called coupling matrices of the left and the right electrode and G
is the Green’s function of the central region. The coupling matrices describe the interaction
of the electrodes with the central region. The energy dependence of T" and of the matrices
on the right has been dropped here for readability. The transmission at the Fermi energy
Er allows estimating the zero-bias conductance,

Goor (0 V) = %T“""(EF). (8)

The coupling matrices will be assumed as energy-independent here (see discussion on the
wide-band limit in Section , while the Green’s functions are energy-dependent quantities

evaluated as

/ 1
G?7 = ) e oo’ ) (9)
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where S¢ is the overlap matrix for the atom-centered basis functions (which has all elements
equal to zero for o # ¢') and H‘é’”l is the Hamiltonian matrix of the central region. E%’UI and
EZ’U, are the self-energies which describe the effect of the left and right electrode, respectively,
on the central region,

o,0’ o,0’ i o,0’

Here, we assume that the real part of the self-energies (which leads to a shift of the central-
subsystem effective single-particle levels) is already included in H¢, thus setting A;‘go/ to

Zero.



If SOC is neglected within the electrodes, the spin-flip blocks of I'x and ¥y become zero
and the spin within the electrodes remains well defined. This approximation allows to define

an overall transmission as the sum of T" four spin-dependent contributions,
2T =T + T 4 TN 4 TH (11)

where the first and last terms describe spin-conserving transmissions, while the second and
third terms describe spin-flip transmissions. The factor of 2 takes into account that for
closed-shell systems without SOC, T' is usually interpreted as the probability of an electron
of a given spin orientation to tunnel through the junction, whereas here terms for both spin

orientations are added upf

In the experiment, measuring the spin polarization Pg of the transmitted electrons requires a
magnetic electrode.!? In our calculations, we can mimick measurement by an ideal magnetic
electrode by employing a closed-shell one like gold, since we have access to all four terms in
Eq. and can thus evaluate Pg as the normalized difference between transmission for all
spin-up electrons and all spin-down electrons making it to the other side,

T a7 7N TH
P = .
2T

(12)

Again, this is an energy-dependent quantity, and an estimate for the polarization at zero

bias can be obtained by considering P(EF).

Note that all Hamiltonian matrix elements are obtained from a standard self-consistent field
algorithm on a finite cluster—-molecule—cluster system (see below) in equilibrium. This is a
good approximation for transport properties close to zero bias, but it may miss strongly

nonlinear effects which may play a role for larger bias voltages.

3In Ref., 30 the factor of 2 was omitted, i.e., T as defined here and in most of the literature is equal to
1/2 T as defined in Ref.%” This distinction does not affect the values of the property crucial for CISS, the
polarization Pg.



3 Methods

We calculated Pg for three different systems: perfect carbon helixes with evenly and alter-
natingly spaced atoms, respectively, and a helicene derivative as studied prevously in the
experiment. Cartesian coordinates of all structures are provided in the Supporting Informa-

tion.

3.1 Construction of junctions of the perfect helical systems

The ideal helical structures were constructed as in Ref.:*? 40 carbon atoms were placed along
a perfect right-handed helical path (radius = 2 A, pitch = 3 A), either evenly spaced (1.3 A)
or alternately spaced (1.2 A / 1.3 A). Two hydrogen atoms were attached to each end,
whose positions were optimized while keeping the carbon atoms fixed. The gold—molecule—
gold junctions were built by placing the terminal carbon atoms in the fcc-position between

two metal clusters with a carbon—metal distance do_petar Of 2.48 A (see Figure .

Several metal clusters were studied, differing in size and the type of metal. For all clusters,
the experimental da,_a, distance of 2.88 A was used for comparability. Three different
metals were considered (Au, Cu, Ag) to investigate the amount of inherited SOC from the
metal. To check the dependence on the size of the metal cluster, four different cluster sizes
were used, namely 6-3-1, 16-0-0, 16-16-0, and 16-16-16 (where the numbers indicate the

number of metal atoms in subsequent layers, see Figure [2)).
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1.3
1.3
1.3A
1.3
1.3A
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Figure 1: Structures of the gold-molecule-gold junction of the carbon helix with a) equal and b)
alternating bond distances.

16-0-0 16-16-0 16-16-16 6-3-1

Figure 2: Structures of the gold—molecule—gold junction for gold clusters of different sizes and
shapes to simulate the electrodes. The clusters are named by the number of atoms in each layer.
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3.2 Construction of junctions of the helicene molecule

As an experimental system, a cationic helicene derivative was studied, for which a spin-
polarization of roughly 50 % was measured for a monolayer on highly oriented pyrolytic
graphite with a magnetized iron-coated Si tip in the conductive atomic force microscope.*t
The structure was optimized without the counter anion in vacuum, and the junction was built
by placing the optimized helicene cation between two 20-atomic gold clusters (see Figure [3)).

The molecule-gold distance was estimated based on a DFT-calculated gold-benzene distance

of 3.1 A 96

Isolated Junction

Figure 3: a) Lewis structure of the investigated helicene cation, b) optimized structure of the
cation and c) gold—helicene-gold junction.

3.3 Computational settings

TURBOMOLE 7.19710 was employed for the optimizations of all structures. The generalized-
gradient approximation (GGA) exchange—correlation functional introduced by Perdew, Burke
and Ernzerhof (PBE)*% was used, in combination with the def2-TZVP30M hasis set.

Dispersion interactions were taken into account by Grimme’s dispersion correction DFT-

12



D31% including Becke—Johnson damping.™® To speed up the calculations, the resolution-of-
the-identity method™ ™% with the corresponding auxiliary basis set™®” was employed. The
structures were allowed to relax until the change of energy was below 107% a.u. and the
gradient was below 107* a.u.. The energy convergence threshold within the self-consistent

field algorithm was set to 1077 a.u..

For the calculations of the transmission functions, several different methodologies (see Ta-
ble were applied: relativistic effects were taken into account by using the exact two-
component (X2C) method™™ ¥ and the x2¢-SVPall-2¢H# basis set (TURBOMOLE), the
zeroth-order regular approximation (ZORA)M 1 and the ZORA-DZM% basis set (ADFHI L)
or effective-core potentials using the dhf-SVP*#% basis set (TURBOMOLE). Additionally, cal-
culations with the DIRAC™ code in combination with the dyall.ae2z%* basis set and the
X2C method were done. For all calculations, the exchange—correlation energy was calculated

based on the B3LYP™L22T functional.

For each system, two electronic-structure calculations were carried out: First a one-component
KS-DFT calculation without taking SOC into account, then a two-component KS-DFT cal-
culation including spin—orbit coupling (using the molecular orbitals from the one-component
calculation as an initial guess). The one-component and two-component Hamiltonian and
overlap matrices were extracted from the output files of the employed DFT programs. These
matrices were then postprocessed as described in the Theory section employing our program
package ARTA10S.%8 The self-energies X x for the electrodes X € {L, R} were created from

the matrices of the one-component calculation,

x = (ESxc — Hxe) gx (ESxe — Hxe) . (13)

Here, Sxc and Hx¢ denote the overlap and Hamiltonian matrix blocks containing basis
functions on both the central region and the electrode X, and gx is the Green’s function

of the electrode X. The Green’s function is approximated within the wide-band limit,*2”

13



assuming a constant local density of states LDOS®""

(gx)ij = —iﬂ'LDOSCODSt(sij. (14)

The value for the constant LDOS was set to 0.036 eV ! as calculated by DFT for the 6s
band of gold.’3? This is a reasonable assumption for gold with its flat LDOS around the
Fermi energy. The Green’s function of the central region in the presence of the electrodes

was calculated as

1

G = .
ESc —He -3, — ¥y

(15)

H¢ and S were extracted from the respective matrices of the two-component calculation.

Transmission functions and spin polarizations are reported with respect to an estimated
Fermi energy of Ep = —5 eV for gold. Since we did not use the experimental dag_aq/dcu—cu
distance, we also show the transmission functions calculated with copper and silver clusters

shifted against the estimated Fermi energy of gold.

This postprocessing methododology neglects nonequilibrium effects on the electronic struc-

13132 However, it cannot

ture. For small bias voltages, this is likely a good approximation.
be excluded that for a quantitative description of CISS, including such nonequilibrium effects

explicitly may play an important role (also see the discussion in the conclusion).

Table 1: KS-DFT methodological choices for the calculation of transmission functions in this
work. All spin—orbit coupling calculations with TURBOMOLE were done using the ” $kramers”
and ”$coulex” keywords.

Methodology DFT code Functional Relativistic effects basis set
A TurBOMOLE 7.1 | B3LYP X2C x2c-SVPall-2¢
B TURBOMOLE 7.1 B3LYP | effective-core potential dhf-SVP
C DirAcC B3LYP X2C dyall.ae2z
D ADF B3LYP ZORA ZORA-DZ

14



4 Dependence of CISS on structural parameters

4.1 Electrode cluster composition

To investigate to what extent the polarization Ps for the perfect helical system originates
from intrinsic SOC of the helix or from SOC inherited from the gold clusters, we have
calculated Pg for three junctions: Au-helix-Au, Ag—helix-Ag, and Cu-helix—Cu, employing
methodology A (see Table . For all three electrodes, the interatomic distance of bulk gold

(2.88 A) was used for comparability.

Pg massively decreases with the atomic number of the element which is used to build the
electrode (see Figure [4]). This trend can also be observed in Im(H¢). This reinforces our
earlier finding of SOC being inherited to a substantial degree from the electrodes for the
Au-helix-Au system,®” similar to proximity effects in graphene on gold.™##3% In contrast,
at least in photoemission experiments, a substantial spin polarization resulting from CISS
is observed for light-element substrates just as much as for gold.** This suggests that
molecular conductance experiments on CISS employing electrodes with less intrinsic SOC
would be beneficial to check whether CISS is equally independent of substrate SOC in this
type of experiment as in photoemission, and that as for as long as this is not settled, to keep
in mind that first-principles CISS results on molecular conductance may be affected by a
potentially artificial SOC transfer from the substrate. However, these results do not indicate
that CISS as obtained from the Landauer + two-component DFT approach as employed here
only reflects substrate SOC: As shown in Ref.,*” for the same set of gold clusters, going to a
longer helix increases polarization considerably, in agreement with experimental results.’#>
To gain further insight into this phenomenon, we will study in Section whether the
amount of SOC transfer is linked to the near-metallic properties of our model helix resulting

from the equidistant spacing of the carbon atoms.
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Figure 4: B3LYP /x2c-SVPall-2c¢ spin polarization Pg of the transmitted electrons for the equidis-
tant carbon helix junction with 10-atom (6-3-1) metal clusters, using different metal atoms to build
the electrodes (Cu, Ag, Au). While for gold electrodes, Pg is about 1 %, it is negligibly small for
copper and silver electrodes. This is in agreement with Im(H¢), which is much larger for gold
compared with copper or silver as electrode material.

4.2 Electrode cluster size and effective core potentials

Contact effects have been studied previously in a tight-binding model,*3% and it has been
pointed out in several theoretical® 38 studies that one-dimensional leads prevent spin po-
larization through CISS. It has even been suggested that a suitably chosen connection to
the electrodes can lead to spin filtering in achiral systems.137 If Py is mainly induced by the

SOC inherited from the gold atoms, two other parameters are expected to be important for
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the calculation of Pg: the size and the shape of the clusters. This may influence the coupling
of the electrode with the helix and thus the inherited SOC. Since all-electron calculations
using large gold clusters are expensive, we used methodology B here (see Table , i.e., fully-
relativistic effective core potentials which only take into account the SOC of gold. This is
justified, since the results from the previous section clearly indicate that the inherited SOC
from the gold is most important for Pg, and because the calculations for the ten-atomic gold
clusters with effective-core potentials reproduce the results from the all-electron calculation

quite well (see Figure |5)).

The calculations for different gold clusters as electrodes (Figure [2)) clearly show that Pg
depends on the cluster shape and size (see Figure |5). Ps calculated with mono- and a
bilayers of a 4x4 gold sheet is negligibly small. Adding a third layer increases Ps to the
order of 0.1 %, but it remains much lower than Pg for the original ten-atom gold cluster
(built from three layers as 6-3-1). This suggests that there may be counteracting effects
at play: an increase of SOC transfer when adding a third layer, and a decrease of this
transfer when extending the cluster sideways. These results suggest a need of converging
Ps with respect to cluster size. However, two-component calculations in general and all-
electron calculations using the X2C decoupling scheme in particular are expensive, making
such studies computationally demanding. It may be that going to a description employing
semiinfinite electrodes under periodic boundary conditions may alleviate the shape and size
dependence somewhat, but our studies suggest that this is something that should be checked

carefully, at least if SOC transfer from the electrodes plays a role.
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Figure 5: Calculated (B3LYP/dhf-SVP) spin polarization of the transmitted electrons (Pg)
through the equidistant helix connected to gold clusters of different sizes and shapes. Pg strongly de-
pends on the gold cluster. With 4x4 gold layers, Pg increases with the number of layers (monolayer
= 16.0_0, bilayer = 16_16_0, trilayer = 16_16_16). However, if a smaller three-layered gold-cluster
is employed (first layer six gold atoms, second layer three gold atoms, third layer one gold atom =
6-3_1), Pg is much larger than for the 16_16_16 cluster.
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Figure 6: Transmission function and Ps calculated for the perfect helix with alternating bond
pattern. In contrast to the equidistant helix, even for 20 % exact exchange admixture, a dip occurs
in the transmission function, indicating a sizeable HOMO-LUMO gap for the alternating system
in comparison with the equidistant system. Pg is much smaller than for the equidistant structure.
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4.3 Carbon helix with alternating bond pattern

The perfect helix with equidistant carbon—carbon distances resembles a metallic system,
which makes a direct transfer to experimental systems difficult. Thus, we also calculated a
carbon helix with an alternating bond pattern, which corresponds better to a system with a

band gap, such as stable molecular helices.

equidistant alternating
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Figure 7: Im(H) of the equidistant and alternating helices in the junction (modeled by 10-atom
gold clusters), plotted only for the central region consisting of the carbon and hydrogen atoms
(top). For the isolated helix, values are plotted on the same scale as in the junction (middle row)
and amplified by a factor of 10 (bottom row).

The transmission function and Psg are strongly affected by the change from the equidistant

to the alternating helix (see Figure @ The transmission functions now shows a large dip in
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the vicinity of the estimated Fermi energy, and Pg decreases massively. Looking at Im(H¢)
within a gold—molecule—gold junction, Im(H¢) of the alternating helix (see Figure|[7)) is much
smaller than Im(H¢) for the equidistant helix. However, comparing Im(H¢) of the isolated
structures shows that for the isolated molecules, Im(H¢) is quite similar. This indicates that

the differences of Pg for both bond patterns arise from differences in inherited gold SOC.

5 Dependence of CISS on computational parameters

5.1 Exact-exchange admixture in the approximate exchange—cor-

relation functional

We evaluate polarization for the equidistant carbon model helix with and without 10-gold-
atom electrode clusters, obtained from B3LYP in terms of methodology A (see Table (1)),
varying the amount of Hartree-Fock exchange in the approximate exchange-correlation func-
tional (5 %, 20 %, 35 %, 50 %, 65 %, and 80 %). For the isolated helix, the size of Im(H¢)
increases with the amount of Hartree-Fock exchange (Figure , bottom). However, for the
Au-helix—Au system, the polarization of the transmitted electrons does not correlate lin-
early with the amount of exact exchange: From 5 % to 50 %, Ps increases, while any further
increase of exact exchange leads to a decrease of Pg (Figure , top). This trend is also
observed in Im(H¢) (Figure |8, middle). These results suggest that for the Au-helix-Au
system, Im(H¢), and thus Ps, is influenced by exact exchange in several ways: In addition
to Im(H¢) increasing intrinsically due to the larger amount of exact exchange, the align-
ment between metal and molecule orbitals may shift (as suggested by the changes in the
transmissions shown in Figure , and the coupling with the gold electrode, and thus the
inherited part of Im(H¢), may change. By looking at the coupling blocks of Re(H¢) (see
Supporting Information), a clear correlation between Pg and the coupling strength cannot

be observed. The magnitude of Re(H¢) of the coupling block increases from 5 % to 50 %,
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but does not decrease significantly for 60 % and 80 %. Thus, we cannot explain the trend

in Pg by a simple analysis of the Hamiltonian.
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Figure 8: Calculated transmission, spin polarization of the transmitted electrons (Ps), and Im(H)
of the gold—molecule—gold junction of the equidistant helix for several amounts of exact exchange.
Increasing the amount of Hartree—Fock exchange strongly influences the transmission function,
leading to an opening of a gap in the transmission function. Also the calculated spin polarization
of the transmitted electrons (Pg) for the equidistant carbon helix between 10-atom gold clusters
(top): For admixtures of 5 % to 50 %, Pg increases. Any further increases leads to a decrease
of the calculated Pg. For the gold—molecule-gold junction, Im(H¢) behaves as the calculated
Ps (middle), while for the isolated molecule, Im(H) constantly increases with the amount of exact
exchange (bottom). Note the different scales for Im(H¢) for the junction and the isolated molecule.
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5.2 Two-electron terms in spin—orbit coupling

Our results indicate that for the systems under investigation here, non-negligible Ps can only
be predicted if SOC is inherited from the electrodes. In those calculations (which employ
standard implementations of SOC in electronic structure codes), SOC is only taken into
account partially, i.e., only the one-electron SOC is considered for reasons of computational
feasibility. However, two-electron SOC terms (spin-same orbit (SSO) and spin-other orbit
(SOO)) can also contribute to the CISS effect. Taking these interactions into account could
increase the intrinsic SOC of the helix and thus could lead to a significant amount of Pg

originating from the molecule itself.

To investigate the effect of the two-electron SOC terms, transmission functions were cal-
culated based on the DFT electronic structure data obtained with methodology C (see
Table [1), i.e., with the DIRAC code’® including also two-electron SOC terms. Since the
self-consistent-field calculations of the Au-molecule-Au junctions could not be brought to
convergence using the DIRAC code with these settings, the transmission functions were eval-
uated for the isolated molecules only. To do so, the electrodes for the calculation of the
transmission function were chosen to be the terminal hydrogen atoms (with the same LDOS
as for the metal-cluster electrodes), while the scattering region was defined as the carbon
atoms. Although this workaround prevents us from quantifying the effect of the two-electron
SOC terms on Pg for the Au-helix—Au junction, it allows us to assess whether the intrinsic

SOC of the carbon helix is significantly enhanced by including two-electron terms.

If the two-electron terms are not considered within the DFT calculation, TURBOMOLE and
DIRAC give the same results (Figure @ Adding the two-electron SOC terms does not in-
crease Pg, but rather decreases it. This is consistent with calculations for the g-tensor.®®
The two-electron terms counteract the one-electron term, decreasing the effective SOC. Em-

ploying spin-same and spin-other orbit interactions lead to a decrease of more than 80 %

of Ps compared with one-electron spin—orbit coupling only. Even if this is just shown for a
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scenario where no gold electrodes are considered, it suggests that for the development of a
quantitative DFT-based method for the correct description of the CISS effect, either all SOC
terms should be considered, or a careful evaluation of systematic error compensation needs
to be done. Otherwise, seemingly correct values for Py might originate from an insufficient

description of SOC.
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Figure 9: Calculated spin polarization of the transmitted electrons(Ps) for the isolated equidistant
carbon helix. The terminal hydrogen atoms were defined to be the electrodes, while the carbon
atoms were defined to be the central region. Pg was calculated with DIRAC without two-electron
SOC (blue, lel.), with additionally including the spin-same orbit interaction (red, lel.+2el¥30),
and with all two-electron SOC terms (purple, lel.4-2e1990+500) " Adding two-electron SOC terms
decreases the calculated Pg.

6 A realistic helix: helicene

Finally, we study a realistic system, a helicene derivative (Figure . Compared to other ex-
perimentally studied systems such as peptides, this molecule has a significant transmission
and is therefore less prone to numerical noise. Instead of the X2C method, we employ the

ZORA method as implemented in the ADF program package (method D as detailed in the

23



methodology section, see Table . We use this methodology for the helicene molecule, since
two-electron SOC influences Pg, and the ZORA treatment of the SOC indirectly includes
parts of the two-electron SOC due to the usage of the full Kohn—Sham potential ﬁ We also
calculated the transmission function and Pg for the equidistant carbon helix with method
D as a consistency check. Both are in qualitative agreement with the results from method-
ology A employing TURBOMOLE and X2C (see Supporting Information). Interestingly, the
polarization calculated with ADF and ZORA is larger than the polarization calculated with
TURBOMOLE and X2C, which seems quite puzzling since ZORA contains parts of the 2-
electron SOC which should decrease the polarization. However, the calculation with ADF
does not only describe SOC differently, but uses a different type of basis functions (Slater-
Type Orbitals) as well as a different basis set (ZORA-DZ).

Similar to the results by Masyluk et al.®" for a peptide, a very small value for Pg over
the whole calculated energy range is predicted with the Landauer approach. However, Pg
changes its sign after inverting the structure (see Figure , showing that this polarization
appears to originate from the CISS effect. Im(H) of the helicene molecule within a gold—
molecule—gold junction is much smaller than Im(H) of the equidistant helical molecule within
a gold—molecule—gold junction (see Figure . This indicatesa much lower SOC transfer from
gold to the helicene molecule compared with the ideal equidistant helix, which might be latter

being closer to the gold surface.

Since Pg for the perfect helical system was very sensitive to the amount of exact exchange,
we check whether the polarization for helicene can be brought closer to experimental values
by increasing the amount of exact exchange. This increase shifts the maximum of Ps to
higher energies (see Figure . This is probably due to the enlargement of the HOMO-
LUMO gap. However, Ps remains by orders of magnitude too small compared with the

experimental values of roughly 50%. Nonetheless, one can again see the importance of the

4We had chosen methodology A, taking into account only 1-electron contributions to SOC, as our stan-
dard method for the model helices because for the alternative methodology D employed here it was not
possible to extract the Hamiltonian for a perfect linear system, which was studied for comparison.

24



Hartree-Fock exchange for the investigation of the CISS effect: Increasing it from 20 % to
50 % enhances Pg by about a factor of 1.5. Thus, for a DFT-based approach to describe the
CISS effect, we would strongly suggest to not only use pure functionals, but also to check

hybrid ones (and possibly more types which are beyond the scope of the present study).
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Figure 10: Calculated Pgs for the gold—helicene—gold junction using B3LYP/ZORA-DZ for the two
different enantiomers of the helicene derivative and two different amounts of Hartree—Fock exchange,
as well as Im(H) of the central region of the junction of the equidistant helix and the helicene. Pg
is very small compared to Pg of the equidistant carbon helix. However, the sign of Pg changes upon
inverting the structure, indicating the CISS effect to be the origin of this polarization. Increasing
the Hartree—Fock exchange increases Pg by a factor of about 1.5, but it remains very small. Im(H)
for the helicene molecule is very localized and much smaller than Im(H) of the equidistant helix,
in agreement with the much larger Pg for the equidistant helix. This indicates that for a realistic
system the inherited SOC by the gold is negligible.

7 Conclusions

We have investigated the effect of several structural and computational parameters on the

calculated magnitude of spin polarization caused by the CISS effect for artificial and realistic
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helices, based on two-component DFT combined with the Landauer—Imry-Bttiker approach.
For an equidistant ideal carbon helix, SOC is mainly inherited from the gold atoms of the
electrodes, and it is highly sensitive to exact exchange admixture and cluster size and shape.
This is strikingly illustrated by the fact that even when SOC is only considered on the
electrodes via effective core potentials and neglected on the molecule, the polarization is
nearly the same as for an all-electron SOC description on the full system. When introducing
bond alternation, the helix becomes less metallic and less SOC arising from the gold is
present. Sensitivity to the description of exchange is also seen in the realistic helicene
system (though to a lesser extent, possibly due to a larger molecule-electrode distance).
Furthermore, including two-electron terms in the description of SOC decreases polarization
by up to 80%, even though this effect may be masked by changes in the atom-centered
single-particle basis functions. We cannot exclude that the strong cluster size and shape
dependence we observe is unique to the artificial helix. Yet, a possible dependence on all

these parameters should be kept in mind in any future first-principles studies of CISS.

g 36137

As previous work on a first-principles description of CIS our results clearly point out the

need for including further mechanisms, such as electron-phonon coupling™® or other terms

23229 spin polarization at the interfaces,” and an explicit

resulting in leakage®® or dephasing,
description of electron correlation and nonequilibrium effects on the electronic structure®#
(note that our electronic structures are obtained from a self-consistent field algorithm on
finite systems in equilibrium). Yet, for these studies, our findings suggest that a careful

study of the dependence on computational and structural parameters is crucial to prevent

seemingly correct results due to error compensation.
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