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ABSTRACT: The theoretical explanation for the chiral-induced spin
selectivity effect, in which electrons’ passage through a chiral system
depends on their spin and the handedness of the system, remains
incomplete. Although most experimental work was performed at
room temperature, most of the proposed theories did not include
vibrations. Here, we present temperature-dependent experiments and
a theoretical model that captures all observations and provides spin
polarization values that are consistent with the experimental results.
The model includes the vibrational contribution to the spin orbit
coupling. It highlights the importance of dissipation and the relation
between the effect and the optical activity. The model explains the
main features related to the chiral-induced spin selectivity effect and
provides a new framework for future calculations and experiments.
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1. INTRODUCTION

In common spintronics devices, the spin polarized current
usually requires a ferromagnetic electrode; their performance
typically improves with decreasing temperature. In the case of
the chiral-induced spin selectivity (CISS) effect," these aspects
seem to be different. When electrons move through a chiral
electrostatic potential, one spin is preferred for electrons in
motion; that is, the chiral potential tends to sort electrons with
a specific spin. Hence, it is possible to obtain spin-dependent
currents using chiral materials without the need for

meantime, it also became apparent that zero kelvin single
channel models are not consistent with the experimental
observations and that a discrepancy exists between the
symmetry arguments raised, based on these models, and the
observations.””** Despite that these models indicate that two-
point contact experiments are unable to measure the spin-
polarization in the linear regime, various experiments showed
that they did.*

Recently, several model calculations have resulted in large
spin polarization (SP) when polaron®" or vibrational
effects™”*
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ferromagnets. Since chiral molecules are important building
blocks of all organisms, the question is whether the CISS effect
is efficient at the relevant temperatures for any life form. The
temperature dependence of CISS should also provide an
insight into the mechanism underlying the effect. There have
been many attempts to theoretically explain the CISS
effect.” " They resulted in providing some indication of the
underlying mechanism and show that the helical form of the
electrostatic potential is responsible for spin-selective trans-
port. Quantitatively, however, most calculations have failed to
retain the magnitude of spin selectively observed experimen-
tally. The failure of the models was associated with the small
spin orbit coupling (SOC) typicallgr relevant for hydrocarbons
and for the carbon atom itself."”** It was suggested that one
has to either replace the spin selectivity with angular
momentum selectivity and associate the spin observed with
the SOC in the leads” " or that there are other enhancement
mechanisms that magnify the effect of the small SOC.”'>'7**

Although most of the CISS-related experiments were
performed at room temperature,1 the model calculations
usually do not include any temperature effects. In the
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were considered. Moreover, accumulating evidence
indicates that the CISS mechanism must include some
additional features, since a correlation was found between
the extent of SP, when conducting through chiral molecules,
and their optical activity.**"** In other words, there has to be a
coupling between the electronic states and some other degrees
of freedom for the effect to occur.

The temperature dependence of the CISS effect may provide
essential insights into the mechanism. This is indeed the focus
of the present work that shows a clear enhancement of the
effect with increasing temperature and a very good quantitative
fit between the experiments and a model that includes the
vibrational effect.
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Figure 1. Experimental setup and current vs the voltage measurements. (a) Schematic of a four-probe MR presenting the two types of devices. In
type 1, only one electrode is ferromagnetic, whereas in type 2, the two electrodes are ferromagnetic. (b) Typical trajectories of the electrons inside
the device. Because of the large dimensions of the electrodes relative to the molecular size, electrons are collected from a wide angle, namely, also
from scattered electrons whose spin direction was randomized within the monolayer. Hence, the net SP is reduced. (c) Conductivity vs 1/T for the
40 bp-dsDNA. The error bars are shown in orange. (d,e) Current vs the voltage (I—V) curves for devices recorded at 290 K for (d) 40 bp-long
dsDNA and (e) [AiB-Ala];, when the current and magnetic fields are in the same direction for magnet up (red) and in the opposite directions for

magnet down (black).

2. METHODS

2.1. Magnetoresistance Device Fabrication and
Measurement. The magnetoresistance (MR) measurements
were performed in a crossbar geometry on a SiO, wafer. For
the type 1 design, the bottom electrode had a 2 ym width; it
consisted of 8 nm titanium (Ti) as an adhesive layer and 40
nm gold (Au), respectively, prepared by optical lithography.
This bottom electrode is used to grow a self-assembled
monolayer (SAM) of a given molecule. Prior to using MgO as
the buffer layer, SAM on the device was immersed in 1 mM of
1-hexadecanethiol overnight to fill the pin hole with SAM. On
top of the closely packed monolayer of the molecules,
insulating buffer layers of 1.5 nm magnesium oxide (MgO)
were grown by e-beam evaporation and then the final top
electrode, composed of Ni and Au, and having a thickness of
40 and 20 nm, respectively, was evaporated using a shadow
mask with a line width of SO ym. Two types of (type 2) devices
having two ferromagnetic electrodes were fabricated for the
MR studies. Design 1 is for oligo peptides and design 2 is for
ds-DNA-based devices.

2.1.1. Design 1. Design 1 of type 2 for Oligopeptides: the
bottom electrode, having a 2 ym width, consisted of 8 nm
titanium (Ti) as the adhesive layer and 40 nm nickel (Ni),
followed by 1.5 to 2 nm MgO. The SAM of oligopeptides was
grown on top of the MgO surface for 24 h.

2.1.2. Design 2. Design 2 of type 2 for ds-DNA: the bottom
electrode, having a 2 um width, consisted of 8 nm titanium
(Ti) as the adhesive layer and 40 nm nickel (Ni), respectively,
followed by S nm gold (Au) prepared by optical lithography.
The SAM of ds-DNA was grown on top of the Au surface for
24 h.

On top of the closely packed monolayer of the molecules for
both designs, insulating buffer layers of 1.5 to 2 nm magnesium
oxide (MgO), followed by Ni and Au having a thickness of 40
and 20 nm, respectively, were evaporated using a shadow mask
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with a line width of 50 pm. All electrical measurements were
carried out within the cryogenics system made by Cryogenics,
Ltd. A magnetic field of up to 0.9 T was applied perpendicular
to the sample plane and the resistance of the device was
measured using the standard four-probe method. A constant
current of 0.01 mA was applied using a Keithley current source
(model 2400) and the voltage across the junction was
measured using a Keithley nanovoltmeter (model 2182A).
The current—voltage (I—V) measurements were also carried
out in the same device with magnet up and magnet down and
with a field value of 1 T perpendicular to the device plane in
four-probe electrical connections.

2.2, Surface Treatment for Monolayer Preparation.
The bottom electrodes were used for SAM. Therefore, before
the SAM of the dsDNA and Ala; peptides were grown on top
of the surfaces, the surfaces were cleaned in boiling acetone
and boiling ethanol for 10 min each. Afterwards, they were
kept in a UV ozone plasma cleaner for 15 min, which helps to
remove all organic residues. Then the surfaces were incubated
in normal ethanol for 30 min and finally in the molecular
solution overnight.

2.3. Molecules. 2.3.1. Double-Stranded DNA (dsDNA).
The 40 bs-dsDNA was used for monolayer preparation and SP
studies. The dsDNA was prepared using DNA oligomers 3’-
functionalized with thiol groups on one strand. The molecules
were prepared by a 100 yM stock solution of DNA in
deionized water. The stock solution was mixed with 0.8 M
phosphate-buffered saline (PBS) (K,HPO,/KH,PO,) buffer
(pH = 7.2) in a 1:1 volume ratio, thus, making a 50 uM DNA
solution in 0.4 M PBS buffer. Next, the solution was mixed
with an equal volume of 10 mM tris(2-carboxyethyl)phosphine
hydrochloride (purchased from Sigma-Aldrich) in 0.4 M PBS
buffer (pH 7.2) and left for 2 h. Then the solution was purified
by filtering through a Micro Bio-Spin P-30 column (purchased
from Bio Rad). The final concentrations of all dsSDNA were

https://doi.org/10.1021/acs.jpcc.1c10550
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measured by UV-—vis spectroscopy using a NanoDrop
spectrometer and were found to be from 20 to 30 M. After
the SAM deposition, the samples were rinsed twice with 0.4 M
PBS and twice in de-ionized water.

2.3.2. Sequence. 40 bp dsDNA:

CGC TTC GCT TCG CTT CGC TTC GCT TCG CTIT
CGC TTC GCT T/3ThioMC3-D/

AAG CGA AGC GAA GCG AAG CGA AGC GAA GCG
AAG CGA AGC G

2.3.3. Oligopeptide. The peptide Alag solution was prepared
with the following mixture: (0.625 mg mL™’, using a 1:1
mixture of pH 7.0, 10 mm sodium phosphate buffer, and
trifluoroethanol). The bottom electrode in the solution for
SAM was left for 36 h; afterwards, the samples were rinsed
twice with de-ionized water.

2.3.4. Sequence. (Alaj): SHCH,CH,CO-{Ala-Aib};-
COOH.

3. RESULTS AND DISCUSSION

3.1. Experimental Results. MR measurements were
performed as described in ref 39 and in the Supporting
Information. Several types of devices were used. In one
configuration only one electrode is ferromagnetic, whereas in
the other, both electrodes contained a ferromagnetic Ni layer.
In this second configuration one design (type 1) was applied
for studying the a-helix oligopeptides, the another one, type 2,
for studying ds-DNA. In type 1, the bottom electrode was
composed of nickel (40 nm), coated by MgO (2 nm), whereas
in type 2, the bottom electrode was composed of nickel (40
nm), followed by Au (S nm). Following the adsorption of the
molecules on the bottom electrode, the top electrode was
composed of 1.5 nm of MgO, followed by nickel and Au. More
details are given in the Methods section and Supporting
Information.

A magnetic field of up to 0.9 T was applied perpendicular to
the sample plane and the resistance of the device was measured
using the standard four-probe method. Two types of
monolayers of chiral molecules were investigated: one is 40
bp ds-DNA with the sequence:

CGC TTC GCT TCG CTT CGC TTC GCT TCG CTT
CGC TTC GCT T/3ThioMC3-D/

AAG CGA AGC GAA GCG AAG CGA AGC GAA GCG
AAG CGA AGC G.

The other is a oligopeptide, SHCH,CH,CO-[Ala-AiB];-
COOH, when Ala refers to alanine and AiB refers to 2-
aminoisobutyric acid.

Figure la presents a scheme of the devices used. Figure 1b
shows typical trajectories of the electrons inside the device.
Because of the large dimension of the electrodes relative to the
molecular size, the electrons were collected from a wide angle
after some of them were scattered within the device. Hence,
their SP is reduced compared with that measured using a
magnetic contact atomic force microscope (chFM).40 The
temperature-dependent conduction is shown in Figure 1c. It is
what one expects with the material behaving as a semi-
conductor.

The current versus voltage curves for the case in which the
electrodes are magnetized either UP or DOWN are shown in
Figure 1d,e for temperature 290 K and the temperature
dependent current versus voltage curve are shown in Figure
Sla,b respectively for both molecules. Very similar results were
obtained for devices with a single ferromagnetic electrode (see
the Supporting Information). In the DNA device, the current is
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higher when the magnet points UP, whereas for the
oligopeptides it is higher when the magnet points DOWN.
This finding is in agreement with previous studies and is
correlated with the different sign of the optical activity of the
molecules.”® More details on the functioning of the MR
devices are given in the Methods section and the Supporting
Information.

The temperature and voltage dependences of the SP are
shown in Figures 2 and S2. Figure 2a,b show the SP as a
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Figure 2. SP calculated from the current—voltage (I-V) character-
istics plot for magnet-up and magnet-down. (a) SP (in %) for the 40
bp-length of dsDNA and (b) [AiB-Al]; oligopeptide measured at
different temperatures. (c,d) SP as a function of temperature. SP =
(ILip = Tiown)/ Iy + Ligwn) X 100, where I, and I, are the current
with spin aligned paralle] and antiparallel to the magnetic field
directions, respectively. The curves are given for the applied voltage
0.5and 1 V.

function of voltage for different temperature and Figure 2c, d
show the SP as a function of temperature for two specific
voltage for the two molecules. The SP increases with
temperature and the increase does not significantly depend
on the voltage applied between the two electrodes. The
calculated SP as a function of temperature and applied voltage
are shown in Figure S2a,b for oligopeptide and S2c¢,d for ds-
DNA respectively.

The MR, is defined as —R(B) —R(0)

0] , where R(B) and R(0) are
the resistances measured at a magnetic field B and with no
magnetic field, respectively. The MR signal, for devices
containing two ferromagnetic electrodes, is shown in Figure
3. The MR curve is asymmetric (Figure 3a,b), not like the
common MR that shows the same values for magnetic fields of
opposite signs. The same observations were obtained for the
device containing single ferromagnetic electrode (Figure
S3a,b). The asymmetry was observed before for CISS.” The
magnitude of the MR increases almost linearly with temper-
ature (Figure 3c,d) and this is also true for the single
ferromagnetic electrode based devices (Figure S4a,b). Figure
SSa—c show the MR signal for three different length (30, 40
and S0 bp) of dsDNA molecules in devices containing one
ferromagnetic electrode.

The experimental results indicate that the SP increases with
increasing temperature. It also shows that in the current versus
voltage studies (Figure 1d,e), the high current is obtained
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Figure 3. Temperature-dependent MR obtained with devices having
two ferromagnetic electrodes. (a) A 40 bp-length of dsDNA and (b)
an [AiB-Ala]; oligopeptide measured at a different temperature with
an input current of 0.01 mA. (c) AMR (%) values as a function of
temperature for 40 bp dsDNA and (d) for AiB-Al;, where AMR (%)
MR(%)gor + MR(%)_gor- Panels (c,d) indicate almost linear
dependence of the change in MR on the temperature.

when the magnet is pointing in the same direction, for the two
current directions. This is contrary to the observations in the
common giant MR (GMR) studies. In addition, in the CISS
experiments, an unexplained correlation was found between
the SP and the optical activity.** > Next, we present a model
that explains all the phenomena observed.

3.2. Model. In many CISS-related publications, it is stated
that the mechanism underlying the CISS effect is not yet
understood. This statement is based on several experimental
observations that seem to be inconsistent with conventional
theories that focus on the ground-state properties of spintronic
devices at zero temperature. The inconsistencies can be
summarized as follows:

1. The SOC expected in hydrocarbons is too small to

observe the large SP seen experimentally.

It is not expected to be able to measure SP of current

having two contacts setups; however, in CISS-related

experiments this was done and large SP was measured.

3. When measuring the current in the presence of a
magnetic field and ferromagnetic electrodes, the conven-
tional GMR devices exhibit an asymmetry. Namely,
current flowing in one direction is stronger with the
magnetic field pointing in a specific direction, whereas
upon reversing the current direction the strongest
current is observed with the opposite magnetic field.
However, this is not the case in the CISS-related devices,
where the same direction of the magnetic field gives the
highest current for current going either forward or
backwards. The opposite magnetic field will be
associated with higher current only for molecules with
opposite handedness.

. In addition to all of the above, it seems strange that very
high SP is observed in the CISS-related experiments,
since it is known that the SP of the ferromagnetic
electrode (Ni in our case) is only about 20%.

2.

Next, we will present a mechanism for enhanced SOC,
which is based on vibrational coupling. Based on this
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mechanism, all the anomalies of the CISS effect, described
above, can be explained. First, we follow refs 17 and 41, and
consider the role of vibrations in the CISS effect.

We begin with the single electron Hamiltonian

2

P V() + E(VV() X p)~§o’

H=*%X_
2m, (1)

where m, is the electron mass, V(r) is the effective confinement
potential, and the last term defines the SOC contribution, L-S,
in terms of the orbital and the spin degrees of freedom L =
EVV X p and § = 716/2, respectively, with & = (2m.c) > The
operator p acts on everything to its right, whereas V acts only
on the component directly adjacent to its right, such that VV' x
p = (VV) X p. Finally, 6 denotes the vector of Pauli matrices.
Here the confinement potential V(r) is developed in the
vibrational coordinates Q = r — r, where r, denotes the
equilibrium position, such that V(r) = V(r,) + Q:VV(r),_ 0t
The orbital component of the SOC, L = £VV X p, can
therefore, be written as L(r) = L, + 6L(Q(r),r), where

Ly = £lim VV(r) X p

r=1

SL(Q(r), r) = &£lim V(Q-VV(r) +..) X p

r=r

(24)

(2B)

The static SOC, L,S, is the form of the SOC that is
normally considered in theoretical descriptions of the CISS
effect. Clearly, there is no strong temperature dependence
emerging from this contribution, since it only captures the
purely electronic part of this mechanism. In contrast, the
correction to the static SOC, 6L-S, represents a vibrationally
assisted correction to the SOC, which provides a direct
temperature dependence, arising from the coupling between
the electrons and the nuclear vibrations. This can be
understood by considering that the vibrational coordinate Q
constitutes the nuclear displacement, which is thermally
activated and becomes finite by anharmonicity.**

A temperature dependence results from coherent molecular
vibrations; therefore, we express the displacement operator Q
in the second quantization as Q = Y L€,(a, + a;), where

lﬂ = _|h/ 2/)va defines a length scale in terms of the density

of vibrations p, the system volume v, the vibrational frequency
®,, and the polarization vector ¢,, whereas a, + a; represents
the displacement quantum at r in the mode .

The quantum operators a, and a; annihilate and create,
respectively, a coherent molecular vibration mode u.
Consequently, the polarization vector €, carries the chiral
symmetry of the molecule and, therefore, enables a coupling
between the angular momentum of the vibrations and the
electron spin.

In the second quantization, the model introduced through

eqs 1, 2A, and 2B, assumes the form
— T i
H= 2 wEw, + 2 oaa,
"

+ Z WmTUmm’yvlm’(ay + a;)

mm'u

3)
where E,, = [¢i(p*/2m, + V(ry) + Ly'S),, dr/v defines the

single-electron energy matrix, including the static SOC, in
terms of the eigenstates ¢,, = ¢,,(r), and w,, is the electron
spinor, whereas the couplings between electrons and vibrations
are defined through U, U,

m'u = Ymm'y + ]mm’;l'o-) where

https://doi.org/10.1021/acs.jpcc.1c10550
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_ 1[4 _ e &
Ui = b [ 436V = 1), "

LEn dr
f *

L= Vle, VV(r — X —
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Here, U, defines the coupling between the electronic charge
and the molecular vibrations, whereas J,,, denotes the
strength of the vibrationally assisted correction to the SOC.

The roles played by U,,,, and J,,,, become clear by

employing the canonical transformation H=eH ™5, where
the generating operator S = =Y, Upw i (4, — a}) /@,
For simplicity, we retain only a single vibrational mode, w,. In
the limit J-6 — Jo°, the transformation enables the exact

decoupling between the Fermionic and the Bosonic degrees of
freedom," such that
ﬂ = Z ‘ﬁm + Z %mm + a)oagao
m m#m’
where (Um = Yimmo ]m = ]mmO)
~ U, -1, Ul
‘H,=|E, — = In, — 4—"s;
) @
Up =
-2 7 annml
@ (%)
~ 2
H,, = —-——UU,n.n, — 4Um]m,nms,fl/ - 4]m]m/s;,s;r

@

(Sb)
given in terms of 1, = W,(6y + 6207 )Wp/2, ty = Dol and
S = YhOW/2.

Based on the expressions in eqs 5a and 5b, the couplings U,
and J,, can be interpreted to define vibrationally assisted
electron—electron and exchange interactions, respectively.
Both contributions are viable mechanisms for enhancing the
magnetic response in structures with broken spin symmetry.
However, the magnetic response for purely electron—electron
interactions is largely defined by the asymmetry between the
spin densities, whereas the energy difference between the spin
states may be negligible. Such asymmetry is expected to be
significant for transport only at low temperatures. In contrast,
the effective exchange interaction may induce a splitting
between the energies of the electronic spin states. This
mechanism is therefore expected to dominate the response at
higher temperatures. The combination of the two vibrationally
assisted couplings generates a strong CISS effect, which was
reported in ref 17.

We will now address the temperature dependence of the
vibrationally generated interactions by employing a tight-
binding model'”*" represented by H, ;= H, + H.y, (see
the Supporting Information). Here, H, is the static
contribution to the electronic energy, comprising the electron
levels, €,, the nearest-neighbor interaction, t;, and static SOC
through the next nearest-neighbor interaction, A, Further-

H;, comprises a spin-independent vibrationally assisted

more,
nearest-neighbor interaction, ¢, and a vibrationally assisted
next nearest-neighbor SOC, A,. The parameters t; and 4,
represent the interactions U,,,,, and ], respectively. Upon
mounting the model of the chiral molecule between metallic
leads, where one is ferromagnetic with a SP parametrized by p;

€ [-1,1], the charge is redistributed in the molecule,
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accompanied by the emergence of a finite SP.'”*' We
calculated the charge current I, for a given SP p; = +£0.5 in
the ferromagnetic lead, as discussed in refs 17 and 22.

The charge current is calculated using the expression

1= 29 [TO)(, @)6; (@) + 1, (~0)6(@))do
(6)

where e and & is the electron charge and Planck’s constant,
respectively, whereas I'(c) defines the coupling strength
between the ferromagnetic lead and the adjacent (first) site in
the chiral molecule, f;(w) = f(w — u;) is the Fermi—Dirac
distribution function for electrons in the left lead with chemical
potential 41, and Gi/”(w) is the lesser/greater Green function
which describe the density of occupied/unoccupied states at
the site adjacent to the left lead. These densities depend on the
full structure represented by the model for the molecule
connected to the leads.

Figure 4 presents (a) the charge current and (b) the spin
selectivity, for bias voltage V = 0.6 V and vibrational frequency
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Figure 4. (a,c) Simulated charge currents under polarization
conditions, p; = #0.5 in ferromagnetic lead, and (b,d) the
corresponding spin selectivity. The parameters used are f, = 40
meV, 4y = £,/40, t, = t,/10, wy = £,/10,000, 7 = t,/10, and V = 0.6 V.
However, in (a,b) 4, = £,/400 and in (c,d) A, = 0, namely, in (c,d) the
vibrations do not contribute to the spin part of the vibrationally
enhanced SOC (eq Sb). Panels (ef) compares the experimental
results and the model calculations. (e) In of SP(%) vs 1/T is shown
for 40 bp-dsDNA for an applied voltage of 0.5 V. (f) Model
calculations Ln of SP(%) vs 1/T with parameters as in (a,b).

@, = 4 peV, where the latter is chosen since it gives a good
fitting. One similarity in the charge currents is the overall decay
with increasing temperature. However, the decay strongly
depends on the sign of the SP, p;. This results from the spin-
dependent dissipation introduced by the vibrations. Charge
currents for bias voltages V = 0.2 and 0.4 V are shown in
Figure S6a,b. At low temperatures, the vibrational excitation is
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Figure 5. (a) Scheme describing the mechanism underlying the CISS effect in terms of the SP, AP, which arises from the SOC. This SP causes a
spin blockade, AeV, because of the Pauli principle, which is proportional to the singlet-triplet energy gap, Egr, in the molecule. The purple and
green curves represent the charge distribution occurring upon applying the field across the molecule, for electrons with spin aligned parallel (green)
or antiparallel (purple) to their velocities. The molecule is presented schematically as a coil. The yellow lines indicate the Fermi energy at each
electrode and the dotted line shows the electric field across the molecule, assuming a molecule with a very low dielectric constant. (b) Model-based
calculation for the non-equilibrium spin distribution in a chiral molecule positioned between two non-magnetic leads, at the voltage bias V = 0.24
V. Note that there is an excess of spin @ on the right end of the molecule and of spin /3 on the left end. (c) Model-based calculation of the current vs
voltage curves for electrons injected from a ferromagnetic electrode magnetized with the magnetic moment pointing away from the molecule
(black) or toward the molecule (red). Figure Sa is copied with the permission from ref 49.

low, which leads to a small effect of the inelastic scattering.
With increasing temperature, however, the vibrational
excitations increase; this enhances the inelastic scattering.
Therefore, the current decreases with increasing temperature.

The source of the spin-dependent dissipation is the
vibrationally assisted SOC. There are three different vibration-
ally assisted processes to the second order in the interactions
between sites:'®*' (i) on-site and the second neighbor
hopping, (ii) on-site and the fourth neighbor SOC, and (iii)
the first and third neighbor mixed hopping and SOC. The first
type of process is proportional to %, where %, is the
electron—phonon interaction loop at the site m; its
contribution to the dissipation is spin symmetric. The second
contribution is )proportional to 12060\, 6%, where the
(unit) vector vs,f defines the chirality, and s,s" = 1. The on-
site processes are spin symmetric (see the Supporting
Information). The fourth neighbor SOC breaks the spin
symmetry, since the involved chirality vectors, v(*) and v{%),,
are not parallel. However, the effect is the second order in the
SOC parameter 4, which necessarily is small. In contrast, the
third types of processes, the first and third neighbor mixed
hopping and SOC, which are proportional to it,4,v)-6X,, and
itl/llvf,fﬁrs'GEm, respectively, provide vibrationally assisted SOC
to the first order in A, and break the spin symmetry. The
temperature dependence of X, is dominated by thermally
occupied vibrational excitations (Bose—Einstein distribution).
Owing to the scaling factors ¢} and £,4,, the temperature effect
is shifted to higher energies than what is nominally suggested
by the vibrational frequency. Hence, for @, = 4 eV and the
other parameters used here, a spin asymmetry between the
currents would begin between 50 and 100 K, as shown in
Figure 4a. The fact that the temperature dependence of the
break in the spin symmetry is associated with mixed hopping
and SOC processes is demonstrated in Figure 4c, where the
spin currents are calculated in the absence of the vibrationally
assisted SOC. With increasing temperature, the two currents
become increasingly equal, as confirmed by the decreasing SP
(Figure 4d). The remaining spin asymmetry is attributed to the
vibrationally induced electron—electron interaction, c.f. eq Sa.

The non-monotonic behavior in both the current and the
spin selectivity is a signature of competing effects. The spin
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selectivity increases as long as the spin-dependent processes
dominate dissipation. In contrast, when the spin symmetric
processes become the dominating source for dissipation, the
spin selectivity decays. The vibrationally induced electron—
electron and exchange interactions scale as 1/ ), (see Figure
S7) and both are reduced for high vibrational frequencies.

In Figure 4e the SPs are presented as an Arrhenius plot. It is
clear that a barrier of about 50k exists for the increased SP.
These barriers correspond to low vibrational frequencies;
hence, they refer to vibrations that include a large part of the
oligomer.

The model reproduces the experimental results with
excellent agreement, as shown in Figure 4f. We wish to
emphasize that the model did not attempt to precisely
represent the system, and it does not correctly represent all
the molecular features. We also notice that the nearly metallic
model for the molecule that leads to a decreasing current with
the temperature used here can be replaced by a semi-
conducting molecule for which the current increases with the
temperature, without losing the obtained temperature depend-
ence of the CISS effect. However, apparently the temperature
effect is not very sensitive to those features.

The model relates the SP to the molecular polarizability,
through €, in eq 4a and 4b. It is well established that the
polarizability is proportional to the optical activity.*”** Hence,
the model relates the SP to the optical activity of the
molecules. The model also indicates the importance of
coupling with low-frequency vibrations/phonons, which
means that the electron transmission through the molecules
is not ballistic, but instead involves dissipation. It also results in
the same symmetry in the I—V curves, as observed in all the
CISS results (see the Supporting Information, Figure S8).
Therefore, the model is consistent with the observations of
coupling between electron spin and the acoustic chiral
phonons in inorganic crystals.*~**

Because the CISS effect, as described here, is not a ground
state property and it involves dissipation, the argument
regarding the ability to measure SP by a two-contact setup is
not relevant anymore, since it is expected that for multilevel
systems that include dissipation, the argument presented by
Onsager”* is invalid.
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The symmetry in the current versus voltage obtained is
consistent with the model presented. When an electric
potential is applied on a chiral molecule, the molecule is
charge polarized. Since the charge polarization is accompanied
by SP, each electric pole is associated with a specific spin (see
Figure Sa,b). Indeed, the charge density at each pole can be
less than a full electron. Figure Sb shows the calculated non-
equilibrium spin distribution in the model molecule and
indicates that indeed a different spin is associated with each
side of the molecule. In the case of molecules with one specific
handedness, for current moving from right to left, as in Figure
Sa, there is a different barrier for injecting one spin versus the
other from the electrode into the molecule. The difference in
the barriers, AeV, is proportional to the extent of SP, AP, at the
pole near the electrode times the spin exchange interaction,
Egp, which is related to the singlet—triplet splitting in the
molecule. Consequently, one magnetic direction of the
electrode, which injects mainly one spin, generates a higher
current than the other direction. For current moving from left
to right, the opposite spin is preferred; hence the electrons will
be injected from the minority states. However, because the
molecule—electrode interface defines the probability for a
certain spin current, the larger current will also be injected here
in the same magnetic direction as for current moving from
right to left. Hence, the same preferred magnet direction will
be relevant for current flowing to the left or to the right. The
current versus voltage curves were calculated based on the
model and are shown in Figure Sc.

The model presented in Figure S also explains the SP
measured, which exceeds the SP of the ferromagnet. In
addition to the ferromagnet, there is a spin-dependent barrier
at the interface between the electrode and the molecule; it
further enhances the polarization. A mechanism that sustains
the large difference between the spin-dependent barriers is
provided by the nuclear vibrations that couple to the electrons.

4. CONCLUSIONS

The experimental results, the model, and the fitting between
them explain why the zero temperature models fail to obtain
the magnitude of the CISS effect and its qualitative behavior in
terms of symmetry constraints. The vibrationally induced
enhanced spin selectivity results from non-Born—Oppen-
heimer interactions. It is not necessarily the only mechanism
for enhancing the SOC, as pointed out in other recent works
that involve polarons,”’ Berry phases, and Jahn Teller
effects.”>*® However, in all those cases, it is important to
understand that SP that accompanies charge polarization
contributes to the relaxation of the symmetry constraints that
exist in the zero temperature models. Moreover, it is important
to understand that charge polarization can be induced not only
by applying an electric field with electrodes, but also in the case
of electron transfer systems, when a donor group is
photoexcited. In such a case, a difference in electrochemical
potential occurs between the donor and acceptor, which is
equivalent to applying an electric field.

It is a challenge to transfer the model presented here to ab-
initio calculations, since the processes are time-dependent and
involve many states including non-Born Oppenheimer
interactions. However, the model presents a framework to
better understand the CISS effect and the parameters that
affect its magnitude.
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