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of Chemistry The chirality-induced spin selectivity (CISS) effect, namely the dependence of current through a chiral
molecule on spin of the electron, was discovered over two decades ago, and has been suggested for
various spin- and chirality-related applications. Yet, quite surprisingly, its physical origin remains elusive,
and no theoretical description can quantitatively describe it. Here, we propose a theory for the CISS
effect in bio-molecular junctions, based on the interplay between spin—orbit coupling in the electrodes,

molecular chirality and spin-transfer torque across the electrode-molecule interface. This theory leads to
Received 6th May 2022 the first titati lysis of experimental data, and provides insights into the origin of the CISS
Accepted 15th August 2022 e first ever quantitative analysis of experimental data, and provides insights into the origin of the

effect. The theory presented here can be used to analyze past experiments and to design new

DOI: 10.1039/d25c02565e experiments, which may lead to deeper understanding of what is considered one of the outstanding
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When electrons are forced to pass through chiral molecules, the
resulting current (either generated optically or electrically) can
become spin-polarized.’” This implies that one spin-species
(majority spins) has preferable transport over the other
(minority) spin-species, the identity of the majority and
minority spins determined by the chirality of the molecular
moiety. This chirality-induced spin-selectivity (CISS) has been
observed in numerous experimental platforms and settings,
and was suggested to be used for various chemical and spin-
tronic applications.®™

Surprisingly, despite the fact that over a decade has passed
since its discovery, the origin of the CISS effect remains an
outstanding open question.** Many theoretical studies have
pushed forward the idea that the CISS effect originates from
spin-orbit coupling (SOC) inside the molecular moiety, which is
enhanced by chirality.”**® However (as was recently pointed out
explicitly>***°), these explanations require a huge (several orders
of magnitude) renormalization of the molecular SOC, and while
electron correlations®** or vibrations*?* may reduce this
normalization to some extent, realistic values for the SOC seem
to predict a much smaller CISS effect than experimentally
observed. Attempts for using density functional theory to
address the CISS effect (e.g. (ref. 29-33)) met only partial
success; while they indeed predict the presence of the CISS
effect under certain conditions, they cannot address its
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problems in molecular electronics and nano-scale transport.

magnitude nor its apparent non-equilibrium nature. Impor-
tantly, to date, none of the suggested theories (either theoretical
or ab initio) were able to quantitatively reproduce experimental
data.

Recently, inspired by the interface mechanism suggested
some time ago,** we have suggested an alternative theoretical
explanation to the CISS effect.*®> We argued that the CISS effect is
a result of interplay between the (spin-orbit induced) surface
magnetization in the metal electrode and spin-imbalance in the
molecule, which interact via a spin-torque interaction. Due to
spin-transfer torque, the surface magnetization obtains
a preferred direction (parallel or anti-parallel to the molecular
axis), thus forming a spin-dependent barrier for electrons
entering the molecule. The preferred direction is determined by
the molecular chirality, which generates a (solenoid) magnetic
field depending on the handedness of the molecule, thus
breaking the spin symmetry.*® For the sake of having this
manuscript self-contained, the so-called the “spinterface”
mechanism is described in the ESI Sec. 1. While this model
requires spin-orbit coupling in the electrode to be finite, it still
reproduces the CISS effect even for relatively small SOC, see
discussion and examples in ESI Sec. S2.t It is thus in line with
various experiments showing the CISS effect even for electrodes
with small SOC, e.g.(ref. 36 and 37).

The model presented in ref. 35 was limited to small mole-
cules with coherent transport. Here, we extend the theory to bio-
molecules, which are characterized by electron-phonon (e-ph)
interactions which lead to finite dephasing and diffusive
transport.***'  Using a self-consistent Green's function
approach®” we evaluate how e-ph coupling and molecular
length affect spin-selectivity. With insights gained from the
theoretical calculation, we use the spinterface theory to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reproduce the experimental data presented in one of the pio-
neering papers on the CISS effect, ref. 43, with remarkable
quantitative agreement between theory and experiment.

Model and method

Let us first briefly outline the methodology and model (full
details can be found in the ESI Sec. S31). The general setting for
the calculation is a molecular junction (MJ) in a CISS
measurement setting, composed of a single bio-molecule in
contact with a metallic (typically Au) and magnetic (typically Ni)
electrodes; the latter electrode can be magnetized parallel (anti-
parallel) to the molecular axis, thus blocking the passage of
minority (majority) spins; the identity of majority and minority
spins is reversed when the molecular chirality is flipped.

As a generic example for a bio-molecule of varying length we
consider a poly-CG double-strand DNA, described by a tight-
binding single-particle Hamiltonian, #pna, with standard
numerical parametrization.**™** To account for dephasing due
to e-ph interactions, we follow a self-consistent self-energy
approximation,”** valid for “soft” phonons, ie. acoustic
phonons with a broad spectrum. Here, the important parameter
is the strength of e-ph coupling, denoted by v (in units of eV).
This approximation allows us to calculate the Green's functions
of the system in the presence of electrodes and dephasing.

Once the Green's functions are evaluated, we follow the
procedure outlined in ref. 35 to evaluate the current-voltage (/-
V) characteristics of the molecular junction, specifically the
magnetization dependent currents, J,(V), where 0 = 1, | (or =
1) represents the magnetization of the Ni electrodes, parallel or
anti-parallel to the molecular axis. From these currents we
_ M=)

Jr1 (V) +J (V)
The important parameters for the evaluation of the CISS effect
are the SOC constant in the metal electrode, a,, and the spin-
torque coupling o, (both in eV).

evaluate the CISS polarization, namely P(V)

Results | — theoretical model
Polarization: dependence on dephasing and molecular length

We start the Results section with an analysis of the dependence
of CISS-induced polarization on dephasing (encoded in the e-
ph coupling) and molecular length. In Fig. 1(a) we plot the
polarization P(V) as a function of voltage for a chain of 25 base
pairs (BPs) for different e-ph coupling strengths y = 0, 0.1, 0.2,
0.3 eV (we consider only room temperature hereafter). We set o
=1eVand oy = 50 meV. At low biases, the polarization does not
depend on v, but as a certain (resonant) bias voltage is reached,
the polarization reduces substantially, essentially vanishing at
high biases.

In Fig. 1(b and c) we plot the polarization as a function of
voltage for different molecular length (i.e. the number of BPs),
with n =15, 17, ..., 25 (dark to bright curves) for v = 0 (Fig. 1(b))
and y = 0.3 eV (Fig. 1(c)). We select only odd number of BPs to
avoid an odd-even effect.”*® As can be readily seen, the
molecular length has a minor influence on the polarization. The
reason is that within the spinterface model, the CISS is an

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

T (a)
6
v (eV)
I
5
s (). 1
: 4
Qa
3 0.2
2 0.3 o
. ) /
0
0.0 0.5 1.0 1.5 2.0
) v
1o} (b) 0250 (c)
08 0.20 \
€ o6 go1s \
a -] \
0.4 0.10 \ \
02 0.05 -
\ S~
0.0b— 0.00
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 20
V(N VN

Fig.1 (a) Polarization as a function of voltage for a 25BP CNA chain for
different values of e—ph coupling, y = 0, 0.1, 0.2, 0.3 eV. (b) Polari-
zation as a function of voltage for different molecular lengths of
15,17,...,25 BPs, at v = 0. (c) Same as (b), for y = 0.3 eV. See text for
other numerical parameters.

interface effect, and is thus determined predominantly by the
interface properties of the molecule, and therefore one indeed
expects insignificant length dependence.

It would seem that this result, i.e. the weak dependence of
the CISS effect on length, is inconsistent with recent studies of
the length dependence of CISS effect,’* which seem to show an
increase in polarization with length (specifically, with the
number of base pare sequence repeats in DNA molecules).
However, this is not the case, and there is no real inconsistency.
To understand this, we point out that while the mechanism of
the CISS effect indeed does not depend on length per se, it does
depend on the transport properties of the molecule, i.e. on its
transmission and spin-imbalance (or equivalently its magnetic
polarizability). Since these properties are length-dependent, the
CISS polarization will appear to be length-dependent. In the
example we provide in Fig. 1, the transport properties are weakly
length-dependent, hence the CISS effect is also length-weakly
length-dependent. As we show in the following sections, the
data from ** can be reconstructed by a length-independent CISS
mechanism, by allowing the transport properties to be length-
dependent.

Connection between polarization and current

In order to understand the nontrivial dependence of the
polarization on e-ph coupling and the relative indifference to
molecular length, we turn back to the spinterface model for the
CISS effect.® A central feature of the model is that the current-
voltage curves J,(V) for different electrode polarizations ¢ = +1
are given by

Chem. Sci., 2022, 13, 10878-10883 | 10879
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J,(V)=J(V+dE), (1)

where & = au(cos fy) is the spin-dependent shift of the
chemical potential («, is the metal SOC and 6y, is the average
surface-magnetization tilt angle, determined self-consistently
as described above and in the ESI Sec. S3+).

The difference between the currents for the two electrode
magnetization directions is J; —J, ~J(V+ &) — J(Vv— 8). If E is
small compared to voltage, it follows directly that the polari-
zation is proportional to the differential conductance, P j—‘l/
Thus, in order to understand the origin of the results seen in
Fig. 1, it is useful to look at the dependence of the current and
differential conductance on the e-ph couplings and molecular
length.

Fig. 2(a) shows the J-V curves for a chain of 25 base pairs
(BPs) for different e-ph coupling strengths v = 0, 0.1, 0.2,
0.3 eV. Two apparent features can be seen: first, the resonance
(marked by the rise of current) shifts towards lower biases.
Second, at high biases the current is reduced with increasing v.
This is because dephasing effectively mixes the molecular
orbitals, opens additional channels for transport and redis-
tributes the weight of the different resonances.*

In Fig. 2(b) and (c) we plot the differential conductance dj/dV
and the differences between the currents for different electrode
magnetization in the CISS calculation, J; — J, (the numerator of
the polarization P(V)). The clear resemblance between Fig. 2(b)
and (c) is evident. This explains the decay in the polarization in
Fig. 1(a) for biases larger than the resonance; the numerator
— Jy vanishes, because the differential conductance
vanishes.

To understand the indifference of polarization to dephasing
for biases lower than the resonance, we note that the polariza-
tion also has a denominator - the total current. At low biases,
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Fig. 2 (a) Current—voltage curves for a chain of 25BPs for different

values of #. (b) Differential conductance, dJ/dV, extracted from the
currents in (a). (c) Difference between magnetization-dependent
currents, J; — J, as a function of voltage, for different values of y.
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the denominator completely dominates the polarization,
because the off-resonance (low bias) currents are essentially
independent of dephasing rate (see ESI Sec. S41). A similar
argument holds for explaining the length-independence of
polarization, Fig. 1(b and c); the differential conductance is
essentially length-independent (see ESI Fig. S1;} this can also be
inferred from the apparent length-independence of the trans-
mission function in the coherent regime®), resulting in
a length-independent CISS effect.

The observation that the polarization P(V) exhibits different
behavior at different regimes raises an intriguing question in
the context of the CISS effect - is P(V) indeed the best quantity to
describe it? Natively, the polarization was suggested because it
is a unitless quantity, which encodes the CISS effect and is
indifferent to global changes in the total current magnitude.
However, as apparent from the arguments above, the fact that it
is composed of a ratio between J; — J; and the total current may
add features to the polarization which are not directly relevant
to the CISS effect itself. Furthermore, from an experimental
point of view, the low bias regime is characterized by very low
currents, thus increasing the sensitivity of polarization to noise.
It is thus useful, when considering experimental data, to
consider both the polarization and J; — J,.

Results Il — comparison between
theory and experiment

One of the pioneering papers in the field of the CISS effect is the
paper by Xie et al,” where three sets of DNA chains with
different sequences (and different lengths) were shown to
exhibit the CISS effect, with polarization reaching a few percent.
Armed with the insights from the previous section, we now
move to compare between the theory presented above and the
data of ref. 43.

The first step is to establish, using the experimental data, the
connection between polarization and differential conductance,
namely J; — J, « dj/dV, which arises naturally from the spin-
terface model. In Fig. 3(a) we plot J; — J, as a function of bias
voltage V for the 26, 40 and 50BPs chains, extracted from the
data of ref. 43. In Fig. 3(b) we plot the differential conductance
dj/dv, extracted numerically from the average -currents

1
J= 2 (J+ +J,) measured in ref. 43. The similarity between the

two plots (and hence between J; — J, and dj/dV, as predicted by
the theory) is evident, and can clearly be seen through, e.g. the
merge of the data for all three samples at low biases, and the
increase in J; — J, for the 26BP sample above 1 V.

The next step is to reproduce the data of Xie et al. from the
theory, using the spinterface mechanism formulation. For this
to be achieved, the first requirement is a theoretical model for
the current through the molecular junction, which can be fitted
to the bare experimental -V curves (i.e. without electrode
magnetization) of the different junctions. In principle, the
model presented in the previous sections can be used for that
aim. However, this will require a large number of fit parameters
and alterations of the model. The reason is that the realistic bio-
molecules are much more complicated than the simple model

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Difference between magnetization-dependent currents, J;
— J, as a function of voltage. Data extracted from ref. 43. (b) Differ-
ential conductance dJ/dV extracted from ref. 43.

presented here; knowing the exact sequence of the DNA chain is
not enough, and knowledge on the detailed phonon distribu-
tion is required (and even then, it is not guaranteed to give
reasonable fits).

Fortunately, the situation can be resolved and a simple
model for the experimental data can be devised, based on the
observation that the J-V curves of the full microscopic model
described in the previous sections can be fitted, to great accu-
racy, with a simple model of transport through a set of single
levels, each with its own resonance orbital energy ¢ and
electrode-molecule electron transfer rate v; (see ESI Sec. S57).
We thus proceed by first fitting the bare j-V curves of Xie et al.
with an expression of the form J(V) = Y ivi(fi(ei) — fr(ei)), where
are the left and right electrodes’ Fermi distributions in the
presence of voltage bias.*® We use the average currents for the
different samples of ref. 43 to obtain the set of parameters {g;,
vi} for each sample (see ESI Sec. S57).

Once expressions for current (and hence density®®) are ob-
tained, we proceed with evaluating the CISS effect. Here, two
comments are in order: (i) we assume that the interface and CISS
parameters (i.e. the Au SOC parameter «, and the spin-torque
coupling «4) are the same for all samples in Xie et el., because
these parameters only depend on the molecule-electrode inter-
face and the electrode themselves, and (ii) noting that the CISS
polarization is sensitive to the total current magnitude (which
appears in its denominator), especially at low biases, we repro-
duce directly the currents for different electrode magnetizations
Jo(V), rather than the polarization. This is also reasonable
because the currents are the measured quantity, and polarization

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is a quantity derived from them. Put simply, a reliable theoretical
description of the CISS effect should reproduce not only the
polarization P(V), but also the currents J,(V) themselves.

In Fig. 4 we plot the currents for different electrode magne-
tizations for molecular junctions with 26, 40 and 50BPs. The
open markers are the data of ref. 43, blue and orange mark the
current for parallel and anti-parallel magnetizations. The fit
parameters were set to be ay, = 0.95 eV and «; = 5.5 meV (the
same for all three calculations). The excellent agreement
between the experimental data and the theory is apparent, and
provides further confidence in the validity of the spinterface
mechanism as the origin of the CISS effect. A direct conclusion
that comes out of this fit is that the experimental data of ref. 43
does not reflect any dependence of the CISS on length. This is
because although the chains in ref. 43 have different lengths,
they also have different sequences, which alter the transport
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Fig.4 Currents J,(V) as a function of voltage, blue and orange encode

the Ni electrode magnetization parallel and anti-parallel to the

molecular axis. The open markers are the data of ref. 43, solid lines are

theoretical fits. All three samples share the same CISS parameters,

namely ay and a4 (see text).
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properties and hence the CISS effect. However, we note that in
increase in the CISS effect with length was indeed observed,**
but not in a transport setup, but in photo-excitation experi-
ments. Thus, the effect of molecular length on the CISS effect
should be further examined experimentally. A useful (and
relatively simple) experiment in this context would be a repeat
of the experiments of ref. 43 with a uniform sequence (e.g., poly-
CG) with repeating units, which can indeed probe the length-
dependence of the CISS effect.

The methodology presented here, namely fitting the -V
curves for different (e.g. length-dependent) data sets first, and
then plugging them into the spinterface model with length-
independent SOC and spin-torque parameters, can be applied
to other experiments as well. In the ESI, Sec. S6,7 we show the
fits to the data of Mishra et al.,” again showing remarkable
agreement between data and theory with a length-independent
CISS mechanism.

Summary and discussion

To summarize, here we presented a theoretical model for the
CISS effect in long bio-molecules, including the role of
dephasing. We find that while dephasing tends to reduce the
CISS, the polarization is rather insensitive to the molecular
length. In order to explain this, a surprising and simple
connection between the magnitude of the CISS effect and the
differential conductance was established. This connection
allowed us to clarify the behavior of the polarization as a func-
tion of dephasing and molecular length.

We again stress that the length-independence of the spin-
terface mechanism does not mean that the CISS polarization
measurements will be length-independent, because the polari-
zation depends on the transport properties and the molecular
spin polarizability, which indeed may show length-dependence.
Disentangling the length-dependence of the transport proper-
ties from the CISS effect can be done by finding a molecular
system with length-independent transport properties; our
results predict that in such a system the CISS effect will also be
length-independent.

Using the theoretical model, we then proceeded to analyze
the data from the paper of Xie et al First, the connection
between the CISS magnitude and the differential conductance
was demonstrated with the experimental data. Then, using
a simplified model for the current through bio-molecules
(motivated by the microscopic theory), we were able to repro-
duce the experimental data of the CISS effect with remarkable
agreement, keeping the parameters of the CISS effect (namely
the metal electrode SOC and the spin-torque coupling)
molecule-independent, as expected.

To our knowledge, this is the first theoretical formulation of
the CISS effect which can quantitatively fit experimental raw
data (i.e. the magnetization-dependent currents). Indeed, recent
studies aiming to fit data with theory®® show a factor of two
difference in polarization between theory and data, and show
a qualitative experiment-theory difference in the I-V curves
(which are the real experimental signal, and the polarization is
only a quantity extracted from the currents); while in

10882 | Chem. Sci,, 2022, 13, 10878-10883
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experiments currents increase as a function of temperature, the
calculated currents decrease with temperature (compare
Fig. 1(c) with Fig. S1 in ref. 53).

The methodology presented here opens a route for a deeper
understanding of the CISS effect in bio-molecules, as past and
future experiments (some suggested in ref. 35) can now be
analyzed using a microscopic theory and fitted quantitatively.
Future studies will be aimed at extracting the dependence of the
CISS effect on other experimental parameters, especially
temperature (which is not accounted in the model presented
here directly).
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