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Abstract

Electrons moving through chiral molecules are selected according to their spin ori-
entation and the helicity of the molecule, an effect known as chiral induced spin selec-
tivity (CISS). The underlying physical mechanism is not yet completely understood.
To help elucidate this mechanism, a non-equilibrium Green’s function method, com-
bined with a Landauer approach and density functional theory, is applied to carbon
helices contacted by gold electrodes, resulting in spin polarization of transmitted elec-

trons. Interestingly, spin polarization is also observed in the non-equilibrium electronic
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structure of the junctions. While this spin polarization is small, its sign changes with
the direction of current and with the handedness of the molecule. While these calcu-
lations were performed with a pure exchange—correlation functional, previous studies
suggest that computationally more expensive hybrid functionals may lead to consid-
erably larger spin polarization in the electronic structure. Thus, nonequilibrium spin

polarization could be a key component in understanding the CISS mechanism.

Most molecules have closed electronic shells, with all electrons being spin-paired and a net
spin of zero. More than two decades ago, a phenomenon surfaced where the electron trans-
port in chiral representatives of such closed-shell molecules was shown to depend on the
spin, with the preferred orientation of this spin changing with the handedness of the chiral
molecule. This effect is known as chiral induced spin selectivity (CISS)*®. Tt has been
observed in electron transport, electron transfer, electron polarization, and in electron pho-
toemission, involving biomolecules, organic molecules and also inorganic solids, with effi-
ciencies of up to 80-90%.4%1% Tt has implications for spintronics, enantioselective reactions,
long-range charge transport in biological molecules, chiral recognition in intermolecular in-

L7118 and quantum information science #1019 23 The mechanism behind CISS is

teractions,
not understood at present, although it is clear that it is related to the interplay of space-
and time-reversal-symmetry breaking and spin—orbit coupling (SOC).***® Several competing
(or possibly complementary) suggestions about the “missing” underlying physics have been
made, ranging from electron—phonon interactions to electron correlations to non-equilibrium,
current-induced spin accumulation on the molecule-electrode interface or on the molecule.

In this letter, we explore the importance of the latter part of the mechanism, nonequilibrium

spin accumulation for CISS.

Nonequilibrium spin accumulation has also been discussed in other contexts, for example in

spin Hall devices®? and as an essential ingredient for understanding topological insulators.=

One way of thinking about such spin accumulation in CISS®** is based on the consideration



that chiral molecules only give passage for electrons with specific spin, such that the other
component of the spin may accumulate at the interface or on the molecule. This may allow
designing a spin-splitter where spin up/down (1/J) accumulates in different spatial regions.”*
Nonequilibrium spin accumulation in CISS has been suggested based on several experimental
observations. One are spin Hall measurements, where the preference for electrons of a cer-
tain spin orientation to be transported through chiral layers is thought to result in this spin
orientation becoming dominant at the interface between the chiral layer and an electrode,
leading to a magnetic field which Hall devices can measure.”**% Another important exper-
imental observation is the preference of magnetic metal surfaces to adsorb chiral molecules

of a certain handedness. JOAETE360] Thig ig

only observable in the adsorption kinetics but
not in the thermodynamics.®” It has been attributed to the charge transfer upon adsorption
being accompanied by spin polarization of the electronic structure due to CISS, and since the
charge transfer is a transient phenomenon, so is the spin polarization. The orientation of the
transient spin at the adsorbing end of the molecule depends on the molecule’s handedness,
and accordingly, exchange interactions between this spin and the surface spins will depend
on the handedness, affecting the adsorption kinetics. This can be exploited for enantiomer
separation.”® A similar mechanism leads to enantioselectivity in electrochemical reactions

U9 and in Diels-Alder reactions catalyzed by magnetic nanopar-

on magnetized electrodes
ticles.”!' In a related experiment, Ghosh et al. performed Kelvin-probe force microscopy on
chiral self-assembled monolayers coating ferromagnetic thin-film electrodes, revealing that

how much the electrons of the ferromagnet penetrate into the chiral layer depends on the

ferromagnet’s magnetization direction and on the chiral layer’s helicity.=°

From the theoretical side, nonequilibrium spin accumulation has been discussed based on
different model Hamiltonians and mechanisms.?®#” The main challenge to reproduce exper-
imental results with theoretical approaches based on tight-binding or scattering lies in the
need for including unrealistically high values of spin-orbit coupling.****® To achieve similar

magnitudes of spin polarization as in the experiments, there are several reports which sug-



gest this large value of SOC as originating from the metal surface to which the molecules
are attached. Alwan et al. proposed that the CISS effect is generated as a consequence of
the solenoidal field inside the chiral molecule and large SOC in the electrode, which provides
spin transfer-torque between the surface of the electrode and the molecule.*! Similarly Ger-
sten et al® and Liu et al®3 suggested that the interface plays a major role. In the same
line Dalum et al. argued that the spin—orbit coupling combined with the chiral molecule
and magnetized lead in one side of the junction will magnetize the non-magnetic lead on the
other side.#® Another suggestion for rationalizing the large magnitude of CISS is an interplay
between SOC and electron-phonon coupling. 254 Very recently, Das et al. suggested in
a combined experimental and theoretical study that CISS increases with temperature due
to electron—phonon coupling. They also suggested that a mechanism combining spin—orbit

and electron—phonon coupling in CISS may lead to nonequilibrium spin accumulation on the

molecule. 40

Extended Central region

Figure 1: Atomistic model for a single molecule junction with 3 x 2 x 2 Au(111) electrodes,
where the extended central region contains the chiral molecule and some layers of gold.
Yellow balls indicate gold atoms, grey ones carbon atoms, and white ones hydrogen atoms.
The transport direction is the C direction, A and B are perpendicular to the transport
direction. L is the left-electrode which acts as source and R is the right electrode which acts
as a drain.

Atomistic first-principles simulations can go one step beyond models based on more simple
Hamiltonians, in particular they can deliver a realistic description of how electron densities
get (spin-)polarized by electric fields, current or other stimuli. So far, first-principles sim-

ulations of nonequilibrium spin polarization in the electronic structure as caused by CISS
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have not been reported. To evaluate such nonequilibrium spin polarization from first princi-
ples, we consider an equidistant model carbon helix with hydrogen saturation at both ends.
The helix was attached between two metallic Au(111) electrodes (see Fig [l]), and the cal-
culations include an external bias to evaluate electric current employing non—equilibrium
density matrices in the self-consistent-field algorithm under periodic boundary conditions.
This translates into a self-consistent determination of the voltage profile in the junction and
orbital occupancy, an effect that is often neglected in simple transmission calculations (see

Supporting Information for further details on structural and computational settings).

An equidistant carbon helix is a rough model of an actual molecule. It will have a smaller gap
between occupied and unoccupied effective single-particle levels than most realistic systems,
and it is chemically and structurally not stable. We study it here, as in several previous

67050151

studies, because it shows relatively large CISS-induced polarizations, which allow for

a clear distinction between signal and noise when analyzing our data.

As in several previous theoretical descriptions of CISS, we consider coherent transport of
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electrons (Landauer regime). While this cannot take into account potentially

25176

important dephasing and dissipation processes, it has proven highly valuable for describ-

ing charge and spin transport through molecular and nanoscale junctions up to lengths of

2496 and we expect it to give a good description of an important part of

a few nanometers,
the mechanism underlying CISS. As CISS is a non-equilibrium phenomenon, we consider the
applied bias voltage and calculate density matrices based on non-equilibrium Green’s func-
tions and density functional theory (NEGF-DFT), employing a two-component framework
including spin—orbit coupling, as implemented in the ATOMISTIX TOOLKIT (ATK) program
package.”” Since the availability of different exchange—correlation functionals in combination
with such an approach is currently limited, we employ the local density approximation (LDA;

see Supporting Information for computational details). Due to the helical molecule being

built from carbon atoms, spin—orbit coupling in the molecule is small and most of the SOC



on the molecule is coming from the electrode-molecule interface.”3%

Within a Landauer coherent tunneling picture, the polarization for transmitted electron
reads, in percent,
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where L/ R represents the left /right electrode of the device and 2Tg, = T;TL+T§TL+T£¢L+T#L

is twice the total transmission E| The spin-dependent transmission functions are given by:
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T}JL and TQL are the spin-flip components which are usually smaller than the spin-conserving
components T;TL and T#L, similar to the study of Maslyuk et al.” In ATK, the spin-flip terms

in the transmission are dropped, such that the spin-polarization reads

i H
_ Trr — Thr,

P x 100 6
and the total transmission function reads
2Ty, = T]T%TL + T}%JJ:J' (7)

F%?;z in Equations to are the bulk broadening functions for the left or right electrode

(see Fig|l)) written as
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IThe factor of 2 stems from the fact that usually, transmission is defined for a single electron of specific
spin orientation.



where oo’ are spin indices (1 / }). The Green’s function can be written as

G (€) = [(e +6,) 577 — H™ — 577 () = 557 ()] . (9)

where §, is an infinitesimally small positive number, coming due to boundary conditions, >0

S and H are overlap and the effective single-particle Hamiltonian matrix, respectively, ex-
pressed in the basis of atom-centered basis functions. ¥ /g is the electronic self-energy for
the left /right electrode. In non-equilibrium, the Fermi energy will shift from its equilibrium
value, and the complex contour integration for evaluating the density matrix (see below)

will be calculated for the shifted contour due to two or more chemical potentials.

As in standard DFT, the electronic structure (the Kohn—Sham determinant constructed
from effective single-particle functions) is evaluated iteratively based on a self-consistent-
field algorithm. In contrast to standard DFT, the density matrix is evaluated from non-
equilibrium Green’s functions, to take into account the effect of bias voltage and open-

boundary conditions. This non-equilibrium density matrix can be written as®"6!
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where
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is the equilibrium part, and
A%B/QL(M) = / de pj{{}lL(e) [np(e — MR/L) —np(e— NL/R)] (12)

is the non-equilibrium part. np(e — pr/r) = f (;i}—ig) denotes the Fermi distribution

function and pr,/p the chemical potential for the left/right electrode. The spectral density



function pr/r can be written as

!

1 / ! /
PLIR(€) = -G ()TT7RG™ (). (13)

(details can be found in Refs.%H0%).

When evaluating the spin polarization in the transmission and in the nonequilibrium elec-
tronic structure, we take one of the gold electrodes to mimic a perfect spin filter by just
considering the transmission of one spin orientation or the other. Importantly, having no
magnetic electrode in the system ensures that any nonequilibrium spin density in the elec-
tronic structure is only due to CISS as emerging from a closed-shell chiral atomistic structure.

For comparison, data with a magnetic Nickel electrode are provided in the Supporting Infor-

mation (Figures|S19][S20 and [S21)). It is also clear that one cannot measure the CISS effect

in experiment at zero bias — here, zero bias refers to the bias voltage at which the electronic
structure underlying the transmission function is evaluated, which is a good approximation

for the electronic structure at low bias.©
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Figure 2: Spin polarization of the transmitted electrons and sum of the spin-conserving
transmission contributions for a junction with 3 x 2 x 2 Au(111) electrodes. The data are
shown for zero bias, i.e., the electronic structure is the equilibrium one.



In Figure [2| the polarization of the transmitted electrons, P, and the sum of the spin-
conserving parts of the transmission, calculated from the zero-bias electronic structure, are
plotted for a left-handed helix. Similar to previous studies, the polarization is on the order of
below one percent close to the Fermi energy, and a few percent when covering a broader range
of energies. The value at the Fermi energy is very small. Employing a hybrid functional may
lead to a much larger (and potentially more realistic) polarization®V (also compare Figure
in the Supporting Information). However, implementations combining hybrid functionals
with nonequilibrium density matrices and two-component DFT under inclusion of SOC are
not broadly accessible in existing electronic structure codes. This only affect the quantitative
and not the qualitative conclusions from our study, as trends are expected to be consistent
over different types of functionals. The overall transmission (which is summed up here for
both spin components) is close to values between 1 and 2 for a broad range of energies.
This is consistent with the electronic structure of an equidistant carbon chain, which would
be metallic at infinite length. This close-to-metallic character is also reflected in the nearly

linear current—voltage curves (Figure [S9|in the Supporting Information).

When reversing the chirality, the polarization reverses sign (Figure , and the total trans-
mission remains similar (Figure ﬂ There are more fluctuations in the polarization curve
than in the one previously found with a cluster-based approach.®®2" This is in line with
the strongly oscillating P found for a carbon helix in Ref.” employing periodic boundary

conditions and a pure exchange—correlation functional.

Besides the differences between exchange—correlation functionals and cluster-based versus
periodic-boundary approaches (compare Figures [S4] and [S5| in the Supporting Information),
another possible reason for this difference to previous data could be electronic interactions
with the next-nearest unit cell: If we repeat the unit cell perpendicular to the transport

direction for our junction with 3 x 2 x 2 Au(111) electrodes, the shortest C—C distance

2Small differences may be due to numerical errors (the up and down components of transmission at zero
bias can be found in Figure [S§).



is 2.96 A, which is inside the sum of the van-der-Waals radii (3.50 A). This interaction
can be reduced substantially by using larger 3 x 3 x 2 electrodes, which will increase the
unit cell volume (see Figure [S6| top, in the SI). However, this also drastically increases the
computational effort. Also, as can be seen from Figure [3| while going to larger unit cells
and thus reducing interactions makes the transmission look somewhat less “metallic” (with
more discernible peaks and lower values between them), the polarization does not change

substantially compared to the smaller unit cell.
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Figure 3: Spin polarization and transmission functions for 3 x2x 2 Au(111) (top and middle
panels) and 3x3x2 Au(111) electrodes (bottom panel). The electronic structure is evaluated
for situations out of equilibrium, corresponding to the bias voltages indicated in the plots.

Within the Landauer picture, a difference in transport properties for electrons of different
spins (as reflected in spin-dependent transmission functions) implies that in nonequilibrium,
electrons of different spins will “see” the Green’s function differently. They can, therefore,

assume different density matrices, giving rise to non-equilibrium spin polarization in the
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electronic structure, or, in other words, to nonzero spin density resulting from current flow
through chiral systems in the presence of spin—orbit coupling. We will also refer to this pro-
cess as “spin accumulation” in this work. Even though this term evokes a mental picture of
individual, integer electrons transferring through a junction and getting “stuck” somewhere
along the way (e.g., at the interface), spin accumulation by the mechanism described above
can lead to a continuum of noninteger values for the amount of unpaired spin forming on

the junction in nonequilibrium.
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Figure 4: Non-equilibrium spin polarization of the electronic structure: spin density isosor-
faces for left-handed (left) and right-handed (right) helices, for two different bias voltages for
junctions with 3 x 2 x 2 Au(111) electrodes. The isosurface value was 5 - 107® Bohr=3. The
values at the edges of the color bar show the maximum values (positive/negative) assumed
by the spin densities.

We would expect nonequilibrium spin polarization to change sign if we change the handedness
of the chiral molecule or reverse the direction of the current. In Figure [4] non-equilibrium
spin-polarization in the electronic structure (resulting in nonzero spin density) is plotted
as a function of forward biases for helices of different handedness, with the small unit cell

(3 x 2 x 2 Au(111) electrodes). It leads to regions of positive and negative spin densities,
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which roughly balance each other. While the nonequilibrium spin density is small and should
therefore be interpreted with some caution, its qualitative behaviour is physically reasonable:
The spin density changes sign for different handedness (Figure {4 Figure as well as
for different directions of electric current (Figure . As the voltage goes up, so does the
nonequilibrium spin density (Figure 4] in the main text and Figure in the Supporting

Information).

As can be seen in Figure [ the transmission and the polarization of transmitted electrons
(P) are not strongly affected by the bias voltage. At first sight, this would indicate that
the nonequilibrium spin density in the electronic structure does not play an important role
in electron transport and its spin polarization. It should be kept in mind though that
this nonequilibrium spin density has small values here, and that these small values may
be an artifact of the pure approximate exchange—correlation functional employed in our
calculations for technical reasons. As discussed above, including exact exchange in the
functional strongly increases P.°" It also leads to more pronounced spin polarization in the
electronic structure.®#4 Thus, it does not seem unlikely that including exact exchange could
also increase the nonequilibrium spin density in the electronic structure, and thus lead to

stronger effects of bias voltage on P.

The CISS-induced nonequilibrium spin polarization in the electronic structure may be related
to an enhanced polarizability resulting from the interactions with helices in adjacent unit
cells. Indeed, as shown in Figure in the Supporting Information, the nonequilibrium spin
density is somewhat smaller when looking at the system with the larger unit cell (3 x 3 x 2

electrodes).

The spin is accumulating mostly on the helices and right at the interface, and to a lesser
degree on the gold electrodes. Again, this should be interpreted with some caution, as the
proper description of molecule—metal interfaces is a challenge for present-day approximate

DFT. What is interesting and possibly transferable, however, is that the nonequilibrium spin
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density is largest in the areas where the potential drops the most (compare Figure |5)).
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Figure 5: Potential drop for junctions with 3 x 2 x 2 Au(111) electrodes for low biases (0.2V
and -0.2V). The potential is evaluated solving Poisson’s equation, see Section [S2[in the SI.

To conclude, when modeling electron transport through a carbon-chain helix with first-
principles methods, combining two-component DFT, SOC, and Green’s function techniques
which take into account the effect of nonequilibrium conditions on the electronic structure,
a small but physically consistent nonequilibrium spin density is induced by the current on
the molecule, and to a lesser degree on the electrodes. The small magnitude may result from
employing a pure exchange-—correlation functional, as previous studies suggest that compu-
tationally more expensive hybrid functionals lead to larger spin polarizations in electronic
structures. The nonequilibrium spin density changes sign when reversing the helicity of the
chiral molecule or the current direction, and it increases with bias voltage (and, accordingly,
with current). Also, this spin density is larger for smaller unit cells, which lead to stronger
interactions between adjacent helices. This is in line with DFT calculations suggesting that
the electronic structures of monolayers of helical peptides are easier to spin-polarize than
individual peptides.? As CISS experiments are usually carried out for such monolayers (or

for individual molecules in a solvent environment that may equally help with spin polariz-
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ability®), our results suggest that nonequilibrium spin polarization may play an important

role in CISS and in understanding its underlying mechanism.
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