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ABSTRACT

We demonstrate that angular momentum selectivity of particles traversing chiral environments is not limited to the quantum regime and
can be realized in classical scenarios also. In our classical variant, the electron spin, which is central to the quantum chirality induced spin
selectivity (CISS) effect, is replaced by the self-rotation of a finite-volume body. The latter is coupled to the center of mass orbital motion of the
body through a helical tube via wall friction that acts as a dissipative spin-orbit coupling term. As a specific example, we study Cep molecules
that are initially spinning in opposite senses and investigate the effect of various external control parameters on their spatial separation when
driven through a rigid helical channel. We highlight resemblances and inherent differences between the quantum CISS effect and its classical
variant and discuss the potential of the latter to formulate a new paradigm for enantio-separation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156491

INTRODUCTION

The intricate interplay between the chiral character of organic
and biofunctional molecules and the electron spin degree of free-
dom is clearly manifested in the chirality induced spin selectivity
(CISS) effect. '” When an electron traverses a chiral medium, such
as helically shaped molecules or molecules that possess chiral cen-
ters, its probability to transmit through the system depends on
the orientation of its spin vector with respect to the direction of
propagation. This effect constitutes a fundamentally important phe-
nomenon that sheds light on the nature of the interactions between
the spin of subatomic particles and their chiral molecular envi-
ronment. Furthermore, it carries great potential for innovative and
unprecedented technologies in the fields of spintronics"”'' and
enantioselectivity.'” '

In an effort to decipher its origin, many experiments have been
designed to demonstrate and investigate the CISS effect. To that
end, creative experimental approaches have been harnessed includ-
ing spin-polarized photoemitted electron transmittance measure-
ments through self-assembled monolayers of chiral molecules;'’
electronic transport measurements through single molecules”” and
chiral monolayers;lj’ 2 as well as optical,’w‘”‘j‘l electrochemical,”*°
and capacitancejh % electron transfer measurements. Furthermore,
to gain fundamental understanding of the effect, several theories

have been proposed invoking spin-orbit coupling (SOC) in the
chiral molecule and in the substrate and a cyclotron-like effective
magnetic field that the charged electron experiences when travers-
ing through a chiral potential.”””*’ Such theories indeed predict
spin selectivity of transport through chiral molecules. However, to
date, no single theory can fully explain the magnitude of spin-
polarization measured in experiments. Recently, it has been sug-
gested that an effective nonrelativistic SOC analog might bridge
the quantitative gap between the theoretical predictions and the
experimental measurements by taking into account geometric con-
tributions to SOC.°" Additionally, a phenomenological quantum
model of the electron bath has been proposed, revealing that in
the case of strong friction, the interplay between frictional dissipa-
tion and SOC makes it possible to induce a strong CISS effect even
if SOC is weak.®” Electron-phonon interactions that arise due to
non-Born-Oppenheimer dynamics in the chiral environment itself
have also been predicted to play a significant role in enhancing the
CISS effect by naturally introducing frictional dissipation.”” "’ In
particular, it was shown that the antisymmetric component of the
electronic friction tensor, acting as a semiclassical Berry force, may
enhance SOC and contribute to CISS.””*” Furthermore, it was found
that energy dissipation via vibrationally assisted SOC processes may
result in non-monotonic thermal behavior of the spin selectivity
efficiency.”® Therefore, major scientific efforts are being invested
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striving to provide a comprehensive explanation of the mechanisms
underlying the CISS effect, the origin of which is deeply rooted in
the quantum nature of matter.

In light of the above, an intriguing question arises as to whether
a classical variant of the CISS effect can be realized; if so, can it shed
light on the nature of its quantum counterpart and does it bear any
practical implication of its own? In the present study, we address
these important issues by introducing such a classical variant of the
CISS effect, discussing the similarities and differences it has with
the quantum version, studying the dependence of classical angular
momentum selectivity on various physical parameters, and pointing
out potential practical implications.

RESULTS AND DISCUSSION

The classical CISS (CCISS) effect replaces the electron by a
charged classical object of finite volume that crosses a helical tube
serving as the chiral environment. The object rotates about an
axis crossing its center of mass (COM), such that its “internal”
spatial angular momentum mimics the electron spin. To realize
“spin-orbit” interactions, friction is introduced at the wall of the
helical tube. Unlike quantum SOC, friction represents dissipative
processes that induce energy loss. Nonetheless, in the context of chi-
rality induced selectivity, it couples the internal rotational motion
of the Cgp molecule and its center of mass trajectory within the chi-
ral medium. Thus, in this sense, friction serves to mimic spin—orbit
interactions in CCISS and not only enhance their effect as in recent
quantum mechanical treatments.”*" When an external field is
applied along the main axis of the helical tube, the propagation
velocity of the object through the tube depends on the sense of
rotation about its center of mass, reminiscent of the electron trans-
mittance probability through a chiral molecule that depends on its
spin state.

To demonstrate this, we present a model system consisting of
a spinning Cgp molecule that transverses a right-handed nanoscale
helical tube of central helix radius of R, = 5 nm, pitch of P, = 7 nm,
tube radius of R, = 3 nm, and total length of L = 280 nm, the cen-
tral helix main axis of which is defined as the z direction (see Fig. 1).
The interatomic interactions within the Ceso molecule are modeled
by the classical force-constant force-field developed by Dresselhaus
and co-workers.”””" The conservative interactions between the
atoms and the wall of the tube are represented by the Lennard-Jones
(L)) potential, whereas a dissipative frictional force is implemented
near the tube wall. The Csp molecule is accelerated along the main
axis of the helical tube by an external uniform electric field applied
along the main axis of the helix. To this end, a constant electric
charge is spread evenly between all its atomic centers. Further details
regarding the model system and the simulation setup are provided
in the Methods section.

Notably, when vertically clockwise spinning molecules
encounter higher curvature surfaces of the right-handed helical
tube, they are expected to experience a frictional force that promotes
their forward propagation down the tube, whereas when they
hit lower curvature surfaces the frictional force should oppose
their forward propagation. Since the lower curvature regions are
characterized by larger surface area, we expect an overall effect of
deceleration of clockwise spinning molecules with respect to their
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Riupe =3 nM

FIG. 1. Schematic illustration of the model system, consisting of a charged spinning
Cgo molecule driven through a right-handed nanoscale helical tube of central helix
radius of R, = 5 nm, pitch of P, = 7 nm, and tube radius of Ry = 3 nm via an
external vertical electric field.

non-spinning counterparts. Similarly, counterclockwise spinning
molecules are expected to exhibit enhanced acceleration.

To show this, we start by investigating the role of the frictional
forces in angular momentum selectivity. To that end, we consider
a charged (q=-1lau) Cg molecule spinning about the vertical
axis of rotation crossing its COM with initial angular momenta of
w; = 0,-0.013, or + 0.013 rad/fs and traversing the helical tube with
wall kinetic friction coefficients of U, =0.0,0.1,0.4,0r 0.8 (see the
Methods section and supplementary movie 1). Since friction plays
the role of SOC in our classical realization, it is expected that in
its absence (y = 0.0), the trajectory would not depend on the ini-
tial molecular angular momentum. This is indeed the case, as can
be seen in Fig. 2(a), which presents the time evolution of the ver-
tical (z) COM coordinate of the C¢p molecule under an external
uniform static electric field of E = (0,0,0.05) V/A. All three black
curves trace practically the same parabolic trajectory characteristic
of an accelerated object. The remaining minute differences between
the three trajectories are attributed to the finite contact size between
the molecule and the wall upon collision that induce slightly differ-
ent impact sequences for clockwise and counterclockwise spinning
buckyballs. Once friction is invoked, the trajectory becomes highly
sensitive to the initial internal rotational sense of the molecule. At a
friction coefficient of i, = 0.1, counterclockwise spinning molecules
(solid blue line) accelerate faster through the helical channel than
their non-spinning counterparts (dotted blue line), whereas clock-
wise spinning molecules lag behind (dashed blue line) during the
considered time frame. This results in increasing vertical spatial
separation between the oppositely spinning molecules [blue line in
Fig. 2(b)], thus manifesting a CCISS effect. At a higher friction coeffi-
cient of y, = 0.4 (red lines), qualitatively similar results are obtained
with a somewhat increased early time spatial separation and over-
all reduced acceleration due to the higher energy loss rate. When
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FIG. 2. Effect of kinetic friction coefficient on the trajectory of initially spinning
Cgo molecules traversing a right-handed helical tube. (a) Time evolution of the
vertical COM position of counterclockwise (w, = +0.013 rad/fs, solid lines) and
clockwise (w; = —0.013 rad/fs, dashed lines) spinning charged (q = —1au.)
Cgo molecules, accelerated by a vertical electric field of 0.05 V/A and experienc-
ing Kinetic friction coefficients of i, = 0.0 (black lines), 0.1 (blue lines), 0.4 (red
lines), and 0.8 (green lines) by the tube wall. Results of nonrotating molecules
(w, = Orad/fs) are presented for comparison by the dotted lines. (b) Time evo-
lution of the vertical COM separation between Cgy molecules initially spinning in
opposite senses and experiencing different wall kinetic friction coefficients. Line
colors match those presented in panel (a).

the kinetic friction coefficient is further increased to y, = 0.8 (green
lines), the clockwise and counterclockwise molecules rapidly reach a
similar terminal velocity, resulting in saturation of their vertical dis-
tance separation. The same behavior is manifested for a left-handed
helical tube, with reversed role of clockwise and counterclockwise
rotating molecules (not shown).

Having established that friction induces spatial separation
between oppositely spinning molecules traversing a helical tube, we
now turn to evaluate the importance of the initial rotational axis
orientation and the effect of angular velocity on the separation effi-
ciency. Figure 3(a) compares the vertical COM trajectories of Ceo
molecules within the helical tube, when initially spinning in oppo-
site senses around their lateral x (black lines) or y (blue lines) axes
of rotation, to those of vertically spinning molecules (red lines).
Notably, the laterally spinning molecules exhibit much smaller tra-
jectory splitting compared to the vertically spinning counterparts.
Due to symmetry considerations, the two lateral rotational axes pro-
vide the same trajectories but with reversed role of clockwise and
counterclockwise spinning molecules. This is manifested in the ver-
tical COM separation diagram [Fig. 3(b)] where, following initial
transient dynamics, vertically spinning molecules exhibit a signif-
icantly larger separation than the laterally spinning ones that, in
turn, have opposite sign separation curves. Naturally, the difference
between the trajectories of molecules possessing initial vertical or lat-
eral spin angular momentum depends on the details of their collision
sequence with the helical tube wall. Nevertheless, our results demon-
strate a general principle where the initial axis of rotation plays an
important role in the spatial separation process.
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FIG. 3. Effect of initial rotational axis orientation on the trajectory of spinning
Cgo molecules traversing a right-handed helical tube. (a) Time evolution of
the vertical COM position of Cgy molecules initially spinning counterclockwise
(wz = +0.013 rad/fs, solid lines) or clockwise (w, = —0.013 rad/fs, dashed lines)
about the lateral (x—black or y—blue) or vertical (z—red) self-rotation axes. The
charged (g = -1 au.) molecules are accelerated by a vertical electric field of
0.05 V/A and experience a kinetic friction coefficient of , = 0.1 by the tube wall.
(b) Time evolution of the vertical COM separation between Cgy molecules spinning
in opposite senses about different initial self-rotation axis orientations. Line colors
match those presented in panel (a).

Given that under the conditions considered herein, vertically
spinning molecules exhibit the largest effect, we now turn to study
the impact of initial vertical angular velocity on their spatial separa-
tion dynamics. Figure 4(a) compares the vertical COM trajectories
of Cgo molecules passing through the helical tube with initial angu-
lar velocities of w, = +0.0065 (black lines), +0.013 (blue lines),
+0.026 (red lines), and +0.052 (green lines) rad/fs. Notably, clock-
wise spinning molecules present nearly overlapping trajectories,
rapidly achieving similar terminal vertical COM velocities. Con-
versely, increasing the initial angular velocity of counterclockwise
spinning molecules accelerates their propagation along the tube.
This qualitative difference in initial angular velocity dependence
exhibited by oppositely spinning molecules may be attributed to the
specific initial conditions considered herein and the resulting col-
lision sequence with surfaces of higher or lower curvature along
the tube. Nevertheless, of general nature is the fact that higher ini-
tial angular velocity persists longer during the dissipative frictional
motion, thus resulting in a more rapid increase in vertical spatial
separation [see Fig. 4(b)].

Finally, we investigate the effect of intensity of the static elec-
tric field driving the molecules down the helical tube on the spatial
separation. Figure 5(a) compares the vertical COM trajectories of
Ceo molecules passing through the helical tube under static vertical
electric field intensities of E, = 0.01, 0.025,0.05 and 0.1 V/A. Natu-
rally, higher field intensities induce faster acceleration of the charged
molecules through the tube, regardless of the initial spin sense.
As a result, frictional scattering with the tube wall, and the ensu-
ing spatial separation of oppositely spinning molecules, commences
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FIG. 4. Effect of initial angular velocity on the trajectory of spinning Cgy molecules
traversing a right-handed helical tube. (a) Time evolution of the vertical COM posi-
tion of Cso molecules initially spinning with vertical velocities of w, = +0.0065
(black lines), £0.0130 (blue lines), +0.0260 (red lines), and +0.0520 (green
lines) rad/fs, either clockwise (dashed lines) or counterclockwise (solid lines).
The charged (g = —1a.u.) molecules are accelerated by a vertical electric field
of 0.05V/A and experience a kinetic friction coefficient of #, = 0.1 by the tube
wall. (b) Time evolution of the vertical COM separation between Cgy molecules
spinning in opposite senses with different initial vertical angular velocities. Line
colors match those presented in panel (a).

earlier [see Fig. 5(b)]. Accordingly, terminal velocity is achieved ear-
lier along the trajectory and is found to be weakly dependent on
the field intensity for both clockwise and counterclockwise rotating
molecules. This is also reflected by the long-term relative velocity
between oppositely spinning molecules [depicted by the slope of the
curves in Fig. 5(b)] that is practically the same for all field intensities
considered.

We therefore conclude that selectivity of particles carrying
angular momentum while traveling through chiral environments is
not limited to the realm of quantum mechanics and can be realized
also under classical conditions. In the present example, the quantum
spin degree of freedom is replaced by the self-rotation of a molecule
in its center of mass reference frame. The latter is coupled to the
orbital motion of the molecule when driven through a helical tube
via wall friction that plays the role of spin-orbit coupling. Natu-
rally, classical angular momentum cannot truly mimic the quantized
spin of particles, and dissipative friction does not faithfully imitate
spin-orbit coupling. Nonetheless, the chirality induced selectiv-
ity effect variant presented herein provides a classical perspective
that may help develop intuition and provide important insights
regarding central factors that govern also the quantum counterpart.
The classical variant may also be harnessed for molecular enantio-
separation, where enantiomers of chiral molecules, manipulated by
carefully designed optical sequences to rotate in opposite senses,
exhibit different mobilities when crossing helical frictional chan-
nels.”* This new frictional chiral resolution paradigm is generic in
nature and may lead to efficient, low-cost, ecofriendly, and scalable
enantio-separation technologies.
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FIG. 5. Effect of vertical driving electric field intensity on the trajectory of spinning
Cgo molecules traversing a right-handed helical tube. (a) Time evolution of the ver-
tical COM position of charged (g = —1a.u.) Cgo molecules initially spinning with a
vertical velocity of w, = +0.0130 rad/fs, either clockwise (dashed lines) or coun-
terclockwise (solid lines) under driving electric field intensities of E, = 0.01 (black),
0.025 (blue), 0.05 (red), and 0.1 (green) V/A. The molecules experience a kinetic
friction coefficient of , = 0.1 by the tube wall. (b) Time evolution of the verti-
cal COM separation between Cg, molecules spinning in opposite senses under
different driving electric field intensities. Line colors match those presented in
panel (a).

METHODS

The model system adopted herein consists of a C¢o molecule
traversing a rigid helical tube. The interatomic interactions of the
Cgo molecule are described by the Jishi-Mirie-Dresselhaus classical
potential.”””" It should be noted that the correct force constants for
the stretching of pentagonal and hexagonal covalent bonds are pro-
vided in Ref. 71. These are required to reproduce the normal mode
frequencies presented in Table III of Ref. 70.

The helical channel is constructed around a central helix of the
following parametric equation:

h(0) = (Ry, cos (0),+Ry, sin (0),P,0/(27)), (1)

where Py, is the helix pitch, Ry, is the helix radius, 6 is the polar angle
of the helix, and the sign + corresponds to the construction of a
right- or left-handed helix, respectively. For simplicity, we consider
helical tubes of circular cross section that lies in the plane containing
the normal and binormal central helix vectors (see Fig. 6) given by

N(0) = (- cos (0),Fsin (0),0), (2)

and

B(6) - [1 . (27113?‘)2]_2(:tsin(@),—cos(@),iZﬂRh/Ph), 3)

respectively. This assures that the circle normal is parallel to the
tangent of the central helix given by
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FIG. 6. Central helix of a helical tube of radius Ry, and pitch Py,. T, N, and B are
the tangent, normal, and binormal vectors of the helix, respectively.

Py,

e )2]—2 (=sin(0),+cos (0),Py/(27Ry)), (4)

T(6) - [1+(

which makes the calculation of the interaction between the
molecules and the helical tube wall easier to evaluate.

With this, the parametric representation of the helical tube is
given by the following expression:

r(0,¢) = h(6) + Rype cos ()N (6) + Rype sin (§)B(H), (5)

where ¢ is the polar angle of the tube in the N-B reference
frame, and the radius of the tube has to fulfill the conditions:
Riupe < Ry and Ryype < Py. For the purpose of the present study, we
choose the following helical tube parameters: Ry, = 5 nm, P, = 7 nm,
Rype = 3 nm, where the main axis of the helical tube is along the z
axis (see Fig. 6).

Two types of phenomenological interactions between the
molecules and the wall of the rigid helical tube are considered:
(i) The first is conservative forces preventing the molecules from
penetrating and crossing the wall. To describe the conservative inter-
action of the Cep atoms with the helical tube wall, the L] potential
given by V(r,) = 46[(0/1@)12 - (a/rl)6] acts on each atom of the
molecule, where ¢ is the depth of the potential well, ¢ corresponds
to the position at which the potential vanishes, and r, = Ry, — d1
is the shortest distance between the atom and the helical tube wall,
where d, is the distance between the atom and the central helix,
which can be calculated using an efficient numerical algorithm.”?
In our simulations, we choose L] potential parameters fitted for
graphitic systems (¢ = 2.4 meV and o = 3.4 A) to represent the inter-
action of the Cgp carbon atoms with the helical tube wall.”* (ii) The
second type of interactions are dissipative frictional forces, which
occur whenever an atom enters the repulsive regime of the L] poten-
tial. The kinetic friction force is modeled by the Amonton-Coulomb
law,

ARTICLE scitation.org/journalljcp

Fy = —ucFp 9, (6)

where iy is the kinetic friction coefficient, F, is the normal repul-
sive L] force experienced by the Ceo atom, and ¥ is a unit vector
pointing in the direction of the atom’s velocity component paral-
lel to the helical tube wall at the point closest to it. In addition,
whenever an atom resides within the repulsive interaction regime
of the wall with zero parallel velocity, a similar static friction term is
introduced (with y_ = 0.5), replacing the kinetic friction counterpart.
Here, below the maximal value set by the static friction coefficient
and the normal force, the static friction force acts in the opposite
direction to the force component experienced by the atom parallel
to the wall and with equal magnitude. Once the maximal static fric-
tion force is reached, kinetic friction is introduced, acting initially in
the same direction.

The Cgop molecule is initially placed with its COM located
8 A above the lowest point of circular cross section (see Sec. lof the
supplementary material for initial position sensitivity tests) and pro-
vided with angular velocity of +|w| about an axis crossing its center
of mass. To drive the molecule through the helical tube, it is charged
by one excess electron (modeled as 1/60 electron charge per car-
bon atom) and an external uniform vertical electric field is applied.
The field-induced atomic force is described by Fg = g,E, where g,
corresponds to the net charge of atom i and E = (0,0,E;) is the
external static vertical electric field. Newton’s equations of motion
are propagated using the Verlet algorithm at zero initial tempera-
ture (T = 0K) with a fixed time step of 0.001 fs (see Sec. 2 of the
supplementary material for time-step sensitivity tests).

SUPPLEMENTARY MATERIAL

The supplementary material includes a sensitivity test with
respect to the initial position of the Cgop molecule and results of
convergence tests with respect to the choice of the simulation time
step.
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