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Vibrational origin of exchange splitting and chiral-induced spin selectivity
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Electron exchange and correlations emerging from the coupling between ionic vibrations and electrons are
addressed. Spin-dependent electron-phonon coupling originates from the spin-orbit interaction, and it is shown
that such electron-phonon coupling introduces exchange splitting between the spin channels in the structure.
By application of these results to a model for a chiral molecular structure mounted between metallic leads,
the chiral-induced spin selectivity is found to become several tens of percent using experimentally feasible

parameters.
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I. INTRODUCTION

Chiral-induced spin selectivity is an intriguing phe-
nomenon that, to our knowledge, rests on a foundation
of structural chirality, spin-orbit interactions, and strongly
nonequilibrium conditions. The effect is a measure of the
response to changes in the magnetic environment coupled to
the active region, and the phenomenology refers back to the
experimental observations of substantial changes in the charge
current amplitude through chiral molecules upon changes in
the external magnetic conditions [1,2]. Chiral-induced spin
selectivity has been shown to not be limited to multistranded
helical structures, such as double-stranded DNA molecules [3]
and bacteriorhodopsin [4], but has also been observed in,
for example, various types of peptides [5-9] and polyala-
nines [10—12] and, recently, also in helicene [13,14].

On the theoretical side, different approaches can be
categorized into continuum models [15-23], tight-binding de-
scriptions [24-31], ab initio simulations using, for example,
density functional theory [32-34], and multiple scattering off
magnetic impurities [35]. Thus far, the success of the model-
ing has been limited to qualitative aspects, while quantitative
ones still appear to be out of reach. Moreover, a major deficit
with these approaches is their reliance on unrealistic spin-
orbit interaction parameters. In an attempt solve this issue,
a geometric contribution to the spin-orbit was considered in
a recent theoretical work [36]. However, although this effect
provides a significant contribution to the spin-orbit interac-
tion, its existence is limited to coupled structures such as
double-stranded helices/DNA, for which reason it is question-
able whether this mechanism can be considered as a general
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explanation for chiral-induced spin selectivity. It is worth
noticing that previous theoretical descriptions also have suc-
cessfully addressed coupled helices, although, nonetheless,
conjecturing that single-stranded helices should not pertain
to chiral-induced spin selectivity [25,26]. The mechanisms
and model proposed in Refs. [25,26,36] thereby provide ways
to distinguish between chiral structures that should have a
viable spin selectivity, in this context, between single- and
double-stranded DNA. However, the fact that the effect has
been demonstrated in double- as well as single-stranded struc-
tures other than DNA structures suggests that these simple
mechanisms are not likely to be sufficient for complete com-
prehension of chiral-induced spin selectivity. The source of
the failures with these and other established theoretical ap-
proaches thus far is likely to be found in the single-electron
nature of all these models.

Efforts to include electron correlations have been limited to
the study in Ref. [37]. There, an on-site Coulomb interaction
was added on each ionic site in a molecular chain, described
by a generalized form of the Kane-Mele model [38—40], in-
cluding the spin-orbit interaction and adapted to a finite helical
molecular structure. Using experimentally viable spin-orbit
interaction parameters, it was shown that the exchange split-
ting between the spin channels that was introduced by the
Coulomb interaction supports a chiral-induced spin selectivity
of up to 10%. The exchange splitting is hence a source of
substantial nonequivalence between the spin channels, which
is maintained under reversal of the magnetic environment.

Another source of electron correlations pertaining to
molecular structures is generated by molecular vibrations, or
phonons, that couple to and distort the electronic structure.
The electron-phonon coupling may introduce an attractive
electron-electron interaction, which can be shown by em-
ploying the canonical transformation proposed by Lang and
Firsov [41]. However, most theoretical studies concerned
with electron-phonon coupling omit the analogous coupling
to the spin degrees of freedom of the electrons, which can
be justified whenever the spin-orbit interaction is negligible.
The question of whether electron-phonon interactions make
a difference in solids with non-negligible spin-orbit coupling
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has been addressed in the context of ultrafast demagnetiza-
tion [42], but only as a source for decoherence. Whether
electron-phonon interactions are a pertinent mechanism for
chiral-induced spin selectivity is, however, an open question.

The results presented in this paper show that the coopera-
tion of electron-phonon and spin-orbit interactions generates
an exchange splitting between the spin channels which is
viable for chiral-induced spin selectivity. To this end, a
mechanism for spin-dependent electron-phonon coupling is
introduced and discussed. This mechanism is applied to a
model for a general lattice structure in which the emergence of
a vibrationally induced spin splitting of the electron energies
is stressed. This result should open ways to address room
temperature magnetism. Finally, these findings are carried
over to a model for a chiral molecule [37], which is used to
show strong chiral-induced spin selectivity, tens of percent,
using experimentally feasible input parameters.

The remainder of this paper is organized as follows. In
Sec. II, a way to understand the origin of spin-dependent
electron-phonon coupling is discussed, and a few implications
of this mechanism are presented in Sec. III using a simplified
model that allows for transparent comprehension. The conclu-
sions of these two sections are carried over to a tight-binding
model for chiral-induced spin selectivity in Sec. IV, and the
paper is summarized and concluded in Sec. V.

II. SPIN-DEPENDENT ELECTRON-PHONON COUPLING

First, consider the mechanism for coupling between the
electron spin and the ionic vibrational degrees of freedom
through the spin-orbit interaction. The single-electron Hamil-
tonian is in the Schrodinger picture given by

P

2m,

where m, is the electron mass, V(r) is the effective confine-
ment potential, and & = /i/4m?c*. Here, 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.
The ions are located at the positions r,,, such that the
potential V(r) =), V(r —r,,). Assuming that the ions are
not fixed in space but move about their respective equilibrium
positions, such that r,, = r'¥) + Q,,, where Q,, = r,, — r'?,
the Taylor expansion V(r)=Vo+ >, Qu- VV(r)‘r_ﬂgn +
-+ provides the coupling between the electrons and lattice
vibrations. Here, Vo = >V (r'?) represents the equilibrium
potential of the static ionic positions. Effecting this expansion
in the model, Eq. (1), retaining, at most, linear orders in the
displacement variable Q, results in H = Hy + H,, where

P2

2m,

Hi=>)" (Qm VYV (@ —r?)

m

H = +V(r)+ %(VV(r) xp)-o, (1)

Hy = +V0+§;[VV(r—rf,?))xp]oa, (2a)

+§{V[Qm VV(r—r)] x p} -a). (2b)

The vibrational quantum operator a,,, (a};m), which is

introduced according to the standard definitions, annihilates

(creates) a vibration at site m in mode w. Then, the ionic

displacement is written Q,, = > u Ly €my Gy, + aZ, " ), where

Ipy = /H/2pvw,,, defines a length scale in terms of the
density of vibrations p, system volume v, and vibrational
frequency w,,,, whereas €,,, denotes the polarization vector.

A second quantized form of H is obtained by employ-
ing the expansion ¢, (r, 1) = ), Cimo (t)pm|o) /v, Where ¢, =
¢m(r) is an eigenstate of Hy. Hence, the zero Hamiltonian
is given by Hy = Zm w,LEmlﬁm, where the spinor ¥, =
(cmy cmy)', whereas the on-site energy spectrum is defined by

d
E, — / B Hodn 3)

In the same fashion, the electron-phonon contributions to the
model H; can be written as

7_{e-ph = Z w;(Umm/lm + Jmm’nu . G’)Wm’ (any, + a;;#), (4)

mm'’
ni

where

dr
Umm’n;,t = ltm Z f ¢:1€nu : VV(I' - r]((O))(bm’Ta (Sa)
k

Elnt % dr
Jmm’nu = 2l Xk:/¢mv{[€n/4 : VV(I'—I'I(CO))] X p}¢m’7

(5b)

The derivation of ‘He_ph demonstrates the existence of direct
coupling between the electronic spin degrees of freedom and
the ionic vibrations. In general, spin-orbit interaction requires
a redefinition of what good spin quantum numbers mean,
i.e., Ho. However, when accompanied by the electron-phonon
coupling, the spin-orbit interaction also provides an origin for
spin-dependent electron-phonon interactions J,,,»,.. Hence,
the spin-orbit and electron-phonon interactions combine into
a viable spin-phonon coupling [Eq. (5b)] in addition to the
generic coupling Uy, between charge and vibrations [see
Eq. (5a)]. This background serves as justification for the suc-
ceeding discussion.

III. EXACT RESULT IN A SIMPLE MODEL

In order to stress a few implications emerging from
the spin-dependent electron-phonon interactions, consider a
dimer model. Each site (m = 1, 2) in the dimer vibrates with
the frequency w,, and comprises an electron level at the energy
&m. The electronic and vibrational degrees of freedom are cou-
pled through the potential U,, = U,0° + J,,0° [see Egs. (4)
and (5)], while the elastic spin-orbit coupling [third term in
Eq. (2a)] and the site dependences of the electron-phonon cou-
plings are both neglected. A phenomenological Hamiltonian
model for the considered dimer can hence be written as

H = Z(Smd/;ﬂ/fm + C()ma;am) + Z wyLUmwm(am + ajn)
(6)

For simplicity and without loss of generality, the ions are as-
sumed to vibrate with the same energy, w, = wp. This model
allows for a transparent derivation of an electron-phonon-
generated spin polarization, considered next.
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Hence, the canonical transformation, H = ¢SHe™S, with
the generating operator [41]

=3 LU an — . (7)
m @0

transforms the electron and phonon operators according to

~ Upio (am—a,)/ @ ~
Cro = Cor € o (@m—ay, )/ oG

1
m — Am — _W,LUmea (8)
[20)]

respectively, where Uy, = U, + Jn0Z,, such that i, =

cZw Cno = c];mcmg = n,,,. Hence, the transformed model ac-
quires the decoupled form

~ . 3 1 .
H = (Eny¥m + Onayam) = Y w—o(w,LUmwm)z. )

Next, it can be noticed that the interaction term
(w,;U,,,lpm)2 can be partitioned into three contributions U;,
i=1,2,3, where

U, = U2 + I3y + 4Upd S5,
Z[(

Uz_ZZ

U3 = 2U1U2n1n2 + 4(U1J27[1S§ + Jleszlnz) + 8J1J2Sisé,
(10c)

(10a)

(10b)

m nm A m

where n,, = ¥/ ¥, and s, = ¥l 0°y,,/2. Hence, writing

En = &m — (U2 + J2)/wy, the transformed model can be writ-
ten as
H=>"(z _ynln e _pUn = +woa)
= En Ryl +00d a
mm @0 wo mttm 061 %m

m

2
— w—(U1U2n1n2—2(U1J2n1s2+U2J1n2s ) 4J1J»s° S2)
0
(11)

The important observations to be made in Egs. (10)
and (11) are that the electron-phonon coupling has been
converted into (i) renormalized and spin-dependent single-
electron energy [Eq. (10a)] and (ii) on-site and intersite
charging and exchange interactions [Egs. (10b) and (10c),
respectively]. Hence, the one-clectron states |mo) =c| _|)
are associated with the spin-dependent energies E,, =

2U,,,J oZ,/wo, whereas the two-electron states |oo’) =
i

CZO,,C](T |} are associated with the energies

U? 2 4
E;o = m wd — —U5Uy —JiJ>,
Z<8 > 1 2+w012

wo wo

(12a)

+ U} 2 4
o — U Uy — —J1J2, (12b)
(O] w

Ey = ZSm -

4
E =Ey + —(U1]1 — Uyr) + — (Ui — 1U3). (12¢)
o o
Here, the subscript ¢ indicates spin opposite to o. The
remaining two-electron states |2m) = cfn ic;ml) have energies
By = 28, — 2U,y4 U,y /awg. The three-electron states acquire

a spin split similar to the one-electron states, whereas the

empty state and the four-electron state both are spin indepen-
dent.

Here, it should be noticed that, while configurations that
lead to spin-degenerate two-electron states exist, for instance,
consider equivalent sites, the one- and three-electron states
are spin split in general. The one-electron states, for instance,
acquire an exchange splitting of the amount 4U,,J,,, which
is finite whenever the coupling between the electrons and
vibrations is spin dependent.

In a slightly more realistic model, on- and intersite
electron-electron interactions should be included with associ-
ated parameters which, typically, are significantly larger than
the induced parameters U and J. In such a consideration,
the effective correlation energies are therefore merely renor-
malized by the electron-phonon interaction. The one-electron
(as well as the two- and three-electron) energies would,
nonetheless, remain spin polarized, as indicated by the second
contribution in Eq. (10a). It is also worth pointing out that the
results are not limited to dimers but can be straightforwardly
generalized to assemblies with any number of ions.

The results from the above model, Eqs. (6)-(11), em-
phasize that, when accompanied by spin-orbit coupling, the
electron-phonon interactions should be interpreted as a source
for exchange splitting between the spin channels. This result
becomes especially important in the context of chiral-induced
spin selectivity, where a finite exchange splitting is crucial
for the emergence of a large effect when using realistic pa-
rameters [37]. The existence of the exchange, however, does
not have to originate from electronic Coulomb interactions, as
will be seen in the following.

IV. CHIRAL-INDUCED SPIN SELECTIVITY

The final part of this paper is devoted to the electron-
phonon-induced spin selectivity in a chiral chain of ions
comprising M sites, phenomenologically modeled as

M M
Hinol = Z EmwyLWm + Z wvazav
m=1 v=1

M-—1

— > ¥ +He )[ro +er(au +a*)]

m=1

+ Z(zvfmv“) Y2 +He)

x [xwzwiu +a1)}. (13)

Here, the molecule is described by a set of single-electron
levels described by Smw,;‘ﬂm’ the first term, where ¢,, de-
notes the level energy, distributed along the spatial coordinates
Iy = (aCOS<ﬂm, aSin(pm: (m — I)C/(M - 1)), Om = 2w (m —
DM/(M — 1), m=1,...,M. Here, a and ¢ define the ra-
dius and length, respectively, of the helical structure, whereas
M = MN is the total number of sites in which the product M
and N denote the number of laps and ions per lap, respectively.
Nearest-neighboring sites, the second line in H,, interact
via direct hopping, at a rate fy, and electron-phonon-assisted
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hopping, at a rate ¢,. Similarly, the spin-orbit coupling is
picked up between next-nearest-neighbor sites, the last line
in Hpel, through processes of the type ilp,j,vf,f) cOYmans, S =
41, where Ay and A, denote the direct and electron-phonon-
assisted spin-orbit interaction parameters, respectively. The
vector Vf,j) = (Almﬂ X &m+gs defines the chirality of the he-
lical molecule in terms of the unit vectors cAlmH =(r, —
Tyts)/|tm — Tmys|l. The electrons are coupled to the vibra-
tional modes w,, which are represented by the phonon
operators a, and a!, through the rates #, and A,. For simplicity
and without loss of generality, each site is modeled to carry a
single vibrational mode that couples to the electronic structure
only on site. By omitting intersite couplings, it is justified to
assume that the ions vibrate with the same energy wy and that
the on-site electron-phonon coupling parameters ¢, = #; and
Ay, = A for all v.

Here, it is worth noticing that a reasonable ratio between
the direct and electron-phonon-assisted spin-orbit coupling
parameters A /Ao is within the current model represented by
Q| /aﬁ, where Q is the average ionic displacement. This
can be seen by an order of magnitude estimate of the ratio
between the chirality v and VQ - v = (9;v;)Q;&;, for which
it can be found that |v| ~ 2+/2a(M — 1)/c and |VQ - v| ~
2|Q|(M — 1)/c under the assumption 4a> < c?/(M — 1)>.
This gives the ratio |Q|/a+/2. In the opposite limit, that is,
c?/(M — 1)? « 4a?, the corresponding estimates are |v| ~
c|Q|/2a*(M — 1) and |VQ - V| ~ +/2¢/2a(M — 1), which
also leads to the ratio |Q|/a~/2. Then, for instance, the ratio
A1/xo = 0.1 corresponds to an average ionic displacement of
about +/2/10 ~ 0.14 in terms of a. Hence, ionic displace-
ments in the order of fractions of a should be sufficient to
provide electron-phonon-assisted spin-orbit interactions that
are large enough to have an influence on the spin selectivity.

The transport properties are captured by mounting the
molecule in the junction between a ferromagnetic lead and
a simple metallic lead. Tunneling between the lead y = L, R
and the adjacent ionic site introduces a spin-resolved level
broadening through the coupling parameter TX = I'* (% +
pyx0°). Here, |p,| < 1 denotes the spin polarization, whereas
=2 . « Ity |2:0x (ex) accounts for the tunneling rate #,
and the density of electron states p, (&) in the lead .

We relate the properties of the electronic structure and
transport to the single-electron Green’s function G,,,(z) =
((wmhﬁ; N @), G = Gy, through the density of electron
states p,(w) = isplG,,,(w) — G,,,(w)]/27 and charge cur-
rent

I, =i;esp / L[ f(@)GT (T5; @) + fL(—w)GT (Th; w)]dw,
(14)

respectively, where sp denotes the trace over spin-1/2 space
and f, (w) = f(w — 1y ) is the Fermi-Dirac distribution func-
tion at the chemical potential 1, . The notation G]</ (Tt w)
indicates that the calculated properties depend on the spin
polarization py, in the left lead through the coupling parameter
I'Z. All calculations are made using nonequilibrium Green’s
functions G;/* (w).

®
)

AA=0 t=0 —]| ()
01—
02 —

t/,=02 A0 —

density of electron state:

6 -4 -2 0 2 4 6
energy [(w-€)/]

6 4 -2 0 2 4 6
energy [(w-g)/t]

FIG. 1. (a) Density of electron states of a chiral molecule (M x
N =2 x 4) for increasing t; = 0 (black), 0.1z, (blue), and 0.2,
(red), using A; = 0. (b) Difference between the density of electron
states for spin polarization 1 (p, =0.5) and | (p, = —0.5) for
t; = 0.2ty and A; = 0 (black), 0.1%, (blue), and 0.2, (red). The
faint green line represents the spin density of the molecule mounted
between nonmagnetic leads; other parameters are as for the blue line.
Other parameters are fo = 40 meV, Ay = 1,/40, ¢ — e = —61y, [y =
I/Tph = t()/4, pL = :I:OS, PR = O, (,()()/[ = 0010, and T = 300 K.
An intrinsic broadening 1/, = #o/4 was used in the phonon propa-
gation in order to smoothen the electronic densities.

The equation of motion for the Green’s function G, =
G,.:(2) can be written in the form

(Z - Em)Gmn - Z _tOGm-'rsn + i)»on,f) : UGm+2m

s==%1

2 2., (s !
+ Z 2:m [tl Gm+s+s/n - A‘lvl(yz) : O-V,(,izzs : aGm+2(s+s’)n
s'==%1

- itl)\la : (VSnS)Gm+ZS+s’n + V,(;:JgsGererZs’n)] = 8mn~
15)

Here, Ey = &1 —iT%/2, E, =&y, 2<m <M — 1, Epyg =
em — iT®/2, and G,, =0 for m,n ¢ {1,2,...,M}. The
self-energy X,, = X,,(z) includes the simplest nontrivial
electron-phonon interactions, given by

np(wo) + 1 — f(em) n ng(wo) + f(&m)

¥.(2) =
(2) P—

. (16

I—wWo — &m
where ng(w) is the Bose-Einstein distribution function. As
the exchange splitting generated by the ionic vibrations is
an intrinsic property of the structure, the employed approach
is justified since it captures the main effect of the electron-
phonon coupling. Hence, although nonequilibrium conditions
may modify the exchange splitting, the gross effect of the
electron-phonon interactions is captured by using the equilib-
rium self-energy.

Numerical results

The results from Eq. (11) indicates that a correlation gap
opens under finite electron-phonon interaction. This is cor-
roborated in the model for the chiral structure [see Fig. 1(a)],
where the density of electron states for a chiral molecule
(M x N =2 x 4) is plotted for increasing spin-independent
electron-phonon coupling #y, keeping A; = 0. See the caption
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FIG. 2. (a) Charge currents and (b) corresponding spin selectiv-
ities for spin polarizations 1 (solid lines) and | (dashed lines) for
structures with 2 x 4 (black), 3 x 4 (blue), 4 x 4 (red), and 5 x 4
(cyan) sites. Currents and spin selectivities in the absence of vibra-
tions (magenta) are shown for reference. Insets show (a) the currents
and (b) the spin selectivity for a 5 x 4 molecule with opposite chiral-
ity compared to the main panels. In (b), the faint green line represents
the spin current for the molecule mounted between nonmagnetic
leads; other parameters are the same as for the blue line. (c) Tem-
perature dependence of the spin selectivity for M x N =2 x 4 and
3 x 8. (d) Spin selectivity at eV /t, = 15 for an increasing number of
laps M and an increasing number of sites per lap N, using #; = 0.1#,
X1 = 0.1X. Other parameters are as in Fig. 1. In (b), the faint lines
show the spin selectivity for 2 x 4 (black) and 4 x 4 (red) molecules
with electron levels normally distributed around the mean —6¢, and
with a standard deviation of #,/5.

of Fig. 1 for other parameters. The opening of the correlation
gap and accompanying splitting of the density into two bands
are indicated by the faint lines around zero.

In the presented simulations, the vibrational mode wy/fy =
0.01, where the reciprocal of the mode, in combination with 7},
sets the energy scale for the vibrationally induced correlation
gap, that is, U2/wy in Eq. (11). Low-frequency modes are
abundant in organic molecules, and therefore, the spectrum
used should be considered realistic. Moreover, the tempera-
ture was set to 300 K in order to comply with experimental
conditions, while the parameters 7y = 40 meV and Ay = £7/40
correspond to realistic numbers.

Opening a correlation gap is, however, not crucial for
spin selectivity. The reason is that spin selectivity leads to a
changed charge current through the structure upon switching
the direction of the magnetic environment, here, the spin po-
larization in the left lead. However, the vibrationally generated
correlation gap is not associated with broken time-reversal
symmetry, which can be seen in Fig. 1(b), where the bottom
trace shows that the difference of the density of electron
states for the two spin polarizations p; = +0.5 is essen-
tially negligible. The existing difference is due to higher-order
coupling between vibrationally assisted tunneling #; and spin-
orbit-induced tunneling 1. The implication is, hence, that the
corresponding currents are roughly equal and the generated
spin selectivity is minute [see Figs. 2(a) and 2(b), faint ma-
genta line].

Inclusion of the spin-dependent component of the electron-
phonon interaction leads, as suggested by Eq. (11), to a
finite exchange splitting between the spin channels. Indeed,
already for weak vibrationally assisted spin-orbit couplings,
the asymmetry of the electronic density with respect to the
spin polarization p; becomes enhanced by orders of mag-
nitude [see the middle and top traces in Fig. 1(b)]. It is
therefore anticipated that the spin selectivity should be siz-
able in the presence of coupling between the spin-orbit and
electron-phonon interactions. The plots in Figs. 2(a) and 2(b)
display the polarization p; dependence of the charge current
for A;/Xp = 0.1 and the corresponding spin selectivity SP =
100|(Jy — J})/(Jy +J})| for chiral structures with M x 4,
M =2, 3, 4, 5 sites. The results clearly demonstrate the
emergence of a significant spin selectivity in the presence
of finite spin-dependent electron-phonon coupling A;. The
insets in Figs. 2(a) and 2(b) show, respectively, the currents
and the corresponding spin selectivity of a 5 x 4 molecule
with the opposite chirality compared to the results in the
main panel. These results demonstrate that the spin selectivity
also depends on whether the chirality is left- or right-handed,
in agreement with experiments (see, e.g., Refs. [6,43,44]).
It is, moreover, important to notice that the overall current
reduces with increasing the number of sites, while the spin
selectivity simultaneously increases. The latter property is
expected since the number of laps in the helix tends to accu-
mulate and hence increase the effect of the induced exchange

splitting.
While the results in the main panels are simulated for
molecules with all electron levels at ¢,, — e = —6t, the ef-

fect is robust to random variations of the energy levels. This
is shown by the faint lines in Fig. 2(b), which represent the
spin selectivity for 2 x 4 (black) and 4 x 4 (red) molecules
where the ionic electron levels g, are normal distributed
around the mean value —6¢, with a standard deviation of #y/2.
The imposed nonresonant conditions lead to lower current
amplitudes (not shown). By contrast, these conditions are not
detrimental for the spin selectivity since it leads to a nonuni-
form distribution of the spin polarization in the molecule.
Hence, a locally enhanced spin polarization tends to increase
the overall effect on the spin selectivity.

It can also be noticed that finite spin densities and spin
currents are generated in the molecule also without a ferro-
magnetic lead [see green lines in Figs. 1(b) and 2(b)], where
the chiral molecule is assumed to be mounted between non-
magnetic leads. This result is consistent with the spin moment
emerging in Eq. (11). While the chiral molecules should
be nonmagnetic in the isolated state, it has been observed
that chiral molecules, such as «-helix polyalanine, induce
Yu-Shiba-Rusinov states when disposed on the surface of
superconducting NbSe, [45]. The emergence of these reso-
nances suggests that these chiral molecules sustain a finite
spin polarization even under nonmagnetic conditions. It is
well known that the existence of Yu-Shiba-Rusinov states
requires the presence of a finite (superparamagnetic) spin
moment [46-48]; other measurements reported neither ver-
ify nor reject the existence of a finite moment for chiral
molecules. The question of intrinsic spin polarization of the
chiral molecules when in contact with metals therefore re-
mains open.
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The vibrationally assisted spin selectivity is activated by
temperature, which can be seen in Fig. 2(c), in which the
temperature dependence of the spin selectivity is plotted for
two different molecules. The saturation at high temperatures
signifies that the spin selectivity is limited by the occupation
of the vibrational modes. It can be noticed that this property of
increasing spin selectivity with increasing temperature can be
compared with recent observations of temperature-activated
ferromagnetism [49-51]. However, while the origin of the
temperature activation of the ferromagnetic order observed
in these examples is unknown and by no means has to be
the same, it is plausible that ionic vibrations are part of the
mechanism that stabilizes the ferromagnetic order.

The plots in Fig. 2(d), finally, show the dependence of the
spin selectivity as a function of the product M x N, indicating
a weaker spin selectivity the more sites per lap there are in the
helix. This is expected since the chirality vector ij) ~ sin @y,
where ¢, is the angle between the vectors comprising v*. For
an increasing number of sites per lap, ¢,, — 0, which reflects
the fact that the curvature of the helix described by the ionic
coordinates approaches zero, that is, a flat line.

A weakness of the present study is the absence of Coulomb
interactions as well as the equilibrium treatment of the self-
energy in Eq. (16). While the former issue may be considered
(see Ref. [37]), a full treatment, including both Coulomb and
vibrational interactions, becomes numerically unattractive for
structures with many sites. Concerning the latter issue, while
it is doable to treat the self-energy in an appropriate nonequi-
librium framework, it does not change the qualitative outcome
of the study and instead tends to complicate the calculations
unnecessarily. By contrast, the main purpose of the present
paper is to point out the importance of the exchange splitting
in the context of spin selectivity and that this splitting may
emerge from vibrational sources. In the model, Eq. (13), while
uniform couplings #; and A; between electrons and vibrations

are a simplification, it is justified since the results of vi-
brationally induced spin polarization do not depend on the
explicit construction of these interactions. It should also be
mentioned that the values of, e.g., the spin-orbit interaction
parameters may be on the upper end of realistically viable
values. Using these values is, however, justified since the
present model entails a single mechanism that is feasible in
the context of chiral-induced spin selectivity, while the phe-
nomenon itself most likely is also governed by, e.g., electron
correlations, nonequilibrium, and the environment. The full
picture is hence not likely to originate in a single mechanism.

V. CONCLUSIONS

In this paper it has been shown that spin-dependent
electron-phonon coupling has a realistic and sound foun-
dation at the same level as the more commonly studied
coupling between the electronic charge and lattice vibrations.
The presence of both spin-independent and spin-dependent
electron-phonon couplings leads to vibrationally induced ex-
change splitting between the spin channels in the structure,
a result which may open routes to addressing room temper-
ature magnetism. These results were shown to have great
importance in the theoretical modeling and comprehension of
chiral-induced spin selectivity. Using experimentally realistic
numbers, particularly for the spin-orbit interaction, the cal-
culated spin selectivity reaches several tens of percent and is
therefore comparable to experimental observations.
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