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Abstract: The chiral induced spin selectivity effect is an
excited states phenomenon, which can be probed using
photo-spectroscopy as well as transport measurements. On
the one hand such measurements represent averaged
quantities, on the other hand nearly all theoretical descrip-
tions, with only a few exceptions, have been concerned with
energy dependent properties of the pertinent structures.
While those properties may or may not be relevant for the

1. Introduction

Chirality is an intrinsic property of some molecules and
materials, in which there is no center of inversion or mirror
plane. It turns out that, when coupling such structures to the
environment, for instance, spin selective processes is an
emergent phenomenon' ! which over the past two decades has
caused an intensive debate in chemistry and physics commun-
ities about its origin.

The chiral induced spin selectivity effect has been
reproducibly observed in various measurements, for instance,

light exposure,**'® local probing techniques,'*?"
transport®****!  and  different  types  of  Hall
measurements.** 2 However, although all measurements

entail non- equilibrium conditions, with only a few exceptions,
essentially all theoretical accounts of the effect are based on
the transmission properties of chiral molecules embedded in a
given environment, see for instance Refs. [29-54]. It should be
mentioned that despite the concept of the transmission is not a
linear response quantity in itself it is, nevertheless, in this
context nearly without exception considered in linear response
theory and, hence, account for only the equilibrium state
properties of the molecule. Moreover, it is also often typically
the result of a single particle description which under
stationary condition cannot account for the excited states
properties that underlie spin selectivity in chiral molecules.
Finally, although the intrinsic spin-dependent properties and
spin currents of chiral molecules may be interesting quantities
in their own rights, see for instance Refs. [29-57], the chiral
induced spin selectivity may have little, if anything, to do with
those quantities.

The measurements where the chiral induced spin selectiv-
ity is observed is related to a particle flux through the
molecule under two different, typically opposite, magnetic
conditions. The transport set-ups, in which the charge current
is under scrutiny, are intuitive in the sense that there is, at
least, one electrode which can be magnetized in different
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chiral induced spin selectivity effect, many of those proper-
ties have been attributed as being the, or part of the, origins
of the effect. Here, it is demonstrated that, for instance, the
spin-resolved transmission provides little, if any, information
about the chiral induced spin selectivity effect. Moreover,
although effective single-electron theory can be used in this
context, reasons are given for why such descriptions are not
viable.

directions, see Figure 1, which thereby enables a control of the
external magnetic conditions. Theoretical models to address
the measured currents under such conditions have been
proposed,l'***7" where essentially all these various models
comprise a coupling between the electronic degrees of freedom
to some other, both Fermionic®*****’ and Bosonic,!'®¢!-63:65-6]
degrees of freedom. Also in photospectroscopy experiments, a
magnetic metal is often coupled to the sample®™'*'*'" and,
hence, provide a control of the magnetic conditions in a
similar way. The magnetic response can also be controlled

using circularly polarized light.!” However, regardless of

which particle flux is investigated, this flux reflects the total
charge and magnetic properties of the chiral molecules, but
does not provide any detailed information about its spin
properties. In words pertaining to transport, the measurement
concerns the charge current and nothing else.

The purpose with this article is to first discuss the
theoretical framework which is relevant for the transport
measurements of the chiral induced spin selectivity effect, and
how this may be represented in mathematical form. Here, it is
stressed that since the chiral induced spin selectivity effect is
discussed in terms of the difference between the measured
currents in two different set-ups, it is meaningless to compare
the spin-resolved transmission, or spin-current, from a single
computation with these results. It is only by considering two
different set-ups, e.g., as illustrated in Figure 1, and sub-
sequently comparing the computed transport quantities which
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Figure 1. Schematic illustration of the transport set-up where the charge current J is measured for magnetic moment of the lower lead oriented

in different directions.

represent the charge currents with each other, anything can be
said about the chiral induced spin selectivity effect. Second, it
is shown that the chiral induced spin selectivity can be
modelled using an effective single electron description,
however, such a description can only be used as a guidance for
fitting since it cannot say anything about the microscopic
origin of the effect.
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2. Results
2.1 Transmission and Current

The first objective is to address the charge current and
corresponding transmission through a molecular junction. To
this end, consider a generic transport set-up, as schematically
illustrated in Figure 2, where a chiral molecule is mounted in

Right

rH

¢ ©

Figure 2. Schematic illustration of a chiral molecule in the junction between a ferromagnetic and normal metal.
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the junction between a ferromagnetic and normal metallic
lead. For the purpose of being concrete, the left lead is
assumed to be ferromagnetic whereas the right is a normal
metal. In the molecule, the nucleus adjacent to the left (right)
lead is labelled 1 (V). All discussion henceforth is conducted
under the assumption of stationary conditions, such that the
charge current through the molecule can be written'"

/= %SP/”UL(CU)GT (@) + f1(~0)Gf (w))dw. )

Here, Gf/ “(w) denotes the lesser/greater Green function
for the site 1 which is directly coupled to the left lead with
coupling strength I, whereas f;(w) is the Fermi-Dirac
distribution function defined at the electro-chemical potential
1, for the left lead. It should be noticed that G/~ and I'* are a
2 x2 matrices, and that the trace sp runs over spin 1/2 space.
Also, e denotes the electron charge, # is Planck’s constant.
Hence, the formula in Eq. (1) describes the charge current
flowing across the interface between the left lead and first site
in the molecule. The stationary conditions ensure current
conservation such that this charge current is the same as the
charge current anywhere else in the system. The non-
equilibrium properties at the site 1 are given in terms of its
densities of occupied (G7) and unoccupied (G7) electron states
which, however, depend on the properties of the total system
comprising the molecule and metallic leads. This is reflected
through the relation G}~ = G 35/>G!,, where the self-
energy 3=/~ accounts for interactions between electrons within
the molecule but also with the local environment. In the
absence of internal many-body interactions, the self-energy
reduces to

2</>( )

mn

(il)amn(émlfL( + w)]"L + 6meR(:tw)rR)a (2)

which accounts for the coupling strengths I, y = L, R,
between the left (L) and right (R) leads and sites 1 and N,
respectively. With these assumptions, the current can be
written[™”)

1= [Uute)

where 7 (0) = I'* G, (0) " G%,(w) can be interpreted as the
transmission matrix in the Landauer sense.

By symmetry, the transmission 7 can always be parti-
tioned according to 7 = T,0° + T, - 0, where ¢° and ¢ are
the identity and vector of Pauli matrices, respectively.
Effecting the trace for the 2x2-matrix 7 leads to that the
respective  charge (scalar 7,) and spin (vector
7,=(7,,7,,7,)) components can be defined by
To=spT /2 and T, =spoT,/2. Here, a scalar product
between a vector W and o should be read as
W-o0=W.,0"+W,0"+ W, In the present discussion, the
transmissions can be explicitly obtained in terms of the

— [r(@))spT (v)dw, 3)
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electronic structure by putting 4 = G}, and B = G}, hence,
Bf=A. It is, furthermore, assumed that the left lead is
ferromagnetic, I =Ty(c° +p, - 6)/4, where the vector p, para-
metrizes the orientation of the magnetic moment in the left
lead such that p, = |p,| <1, whereas the right lead is a non-
magnetic metal, I'*=T",6%4. It is convenient to decompose the
transmissions into 7, = > 01 7w, m=0,1, with

I
Too = (TO)2<A0BO+A1 e B)), (4a)
I .
Ty = (TO)ZPL - (AgBy + 4B, +id, x By), (4b)
To=(L072(AB, + 4,8, +i4, x B
10 = T) oBi +A4,B, +id, x By), (4¢)

T
Ty = <40) (Pl (ApBy + A, - B))+

ip;, X (AoBy + A,B, +id; x By))

(4d)

where 4, (B,) and A, (B,) correspond to the charge and spin
components of A (B), such that A=4,6°+ A, -6 (B=B,c"+
B,-o).

Since sp7 =27, and spo7 =27, it is clear that only
the components 7, contribute to the total charge current
J ~ [(fL — fr)spT dw, whereas the components 7, contrib-
ute to the spin current J ~ [(f; — fz)spo7 dw. This statement
can be understood by considering the spin current J,= (M) =
O(y'oy) in analogy with the charge current J= —edt(N)=
—eOt(y'y), where y and y' define the annihilation and
creation field spinor operators for the total electronic structure,
whereas N and M denote the corresponding charge and
magnetic density operators, respectively. It can also be
observed that while the spin components of the Green function
and coupling matrices are explicitly included in the trans-
mission 7, the total transmission included in the charge
current is detached from a description in terms of a spin
resolved formulation. This latter statement can be understood

since the spin-resolved transmission 7 ,,, where
0,0 € {1,]}, can be identified as
Taa’ = Toéao’ + Tl *Og0s (5)

comprising the component 7 ;. It should be noticed that 7, is
the o©o0'-matrix element of the matrix 7, and that
Oy = (0%, 0%, 0% ) denotes the vector of the corresponding
matrix elements of . Hence, despite the apparent spin-
dependence of the transmission provided by the second
contribution, only the first contribution is relevant for the
charge current. Hence, any spin- dependent change in the
transmission that can only be traced back to a corresponding
change in 7', while 7, remains unchanged, does not influence
the charge current. Through the definition in Eq. (5) it can be
seen, for instance, that 7; and 7 |, differ by
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Ty—T,=2T,+T), (6)

that is, this difference does not contribute to the charge
current. The spin-resolved transmission is defined without
reference to the external conditions p, and reflects the intrinsic
spin properties of the molecule. Since, the chiral induced spin
selectivity effect is measured as a response to the external
conditions, as discussed above, the appropriate quantity to
study is the magneto-current, that is, the difference

Al =J(1) - J(l), (7)

where J(T) (J(])) denotes the charge current for p, (—p,), see
Figure 1. From this definition one can deduce

a1 =3 [t =T 1) = Tl o, ®

such that the effect can be studied in terms of the transmission
To(0), as function of the orientation of p,. Therefore, this
result very clearly illustrates that a non-vanishing spin-
resolved transmission 7, in general, and the difference
T, — T, in particular, may have very little, if anything, to
do with the comprehension of the chiral induced spin
selectivity. It is, then, easy to conclude that the spin-resolved
transmission does not represent an appropriate quantity of
reference in the context of chiral induced spin selectivity. It,
furthermore, means that the origin of the effect is not
necessarily related to a spin-resolved transmission coefficient.
While this analysis may seem obvious and trivial, investiga-
tions of the spin-resolved transmissions have, nevertheless,
been the main focus in, for instance, Refs. [29-54].

2.2 Spin-Resolved Transmission

The phenomenology of chiral induced spin selectivity can be
investigated using a simple effective model for a molecule
embedded between two metallic leads. The model comprises a
single electronic level, which represents, without loss of
generality, the HOMO level under the assumption that the
spacing to both HOMO-n, n=1,23,..., and LUMO +n, n=
0,1,2,..., is large enough for these levels to not take part in the
conduction. The energy spectrum of this level, relative to the
equilibrium chemical potential =0 is represented by the
matrix €=¢,6°+¢,-6, where ¢, and £, denote the average
energy and local spin anisotropy. The latter energy, e,
represents a local Zeeman splitting and spin anisotropy that
may be present because of spin-orbit and many-body
interactions, but also because of dissipation and coupling to
external environment. However, the specific nature of the
origins of this anisotropy is not defined here. It should be
noticed, nonetheless, that this anisotropy is only present when
the molecule is connected to the leads, that is, the molecule is
assumed to be a closed shell structure when isolated from the
environment and, hence, satisfies time-reversal symmetry. The
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emergence of a local molecular spin anisotropy when the
chiral molecule is connected to a metal, has been demonstrated
both experimentally™?! and theoretically.**® However, for
simplicity, this anisotropy is here introduced as an effective
parameter.

In the spirit of the approximation used already previously,
the model for this considered configuration can be written

H=> ey +ylep+ > (Winy +He), ©

keL.R keL.R

where ¥ () is the creation (annihilation) spinor for electrons
in the molecule (second term), whereas | (1) is the
analogous operator for electrons in the left (L) and right (R)
lead defined by the spectrum ¢, = 8;(0)00 + sf) - o (first term).
The molecule and leads are connected through hybridization
(last term) with rate matrix v, = v\”0° + »\" - &, such that the
coupling I*, y=L,R, can be defined in terms of the
electronic density oy in the lead y through I =3, ViouVs.
Under the conditions introduced previously,
' =Try(0"+p,-0)/4and I'* = T6"/4.

For this example, the Green function for the molecular
level can be written

(0 — &y + il /4)0" + (e, — ip,T/8) - 0
(0 — &g + iy /4 — (e, — ip To/8) (10)

G'(w) =

Partitioning into charge, G, =spG/2, and spin,
G, = spoG/2, components leads to

w—g +ily/4

G (w) =

) = o ey ¥ iTo/4Y — (&1 — ipu /8 (112)
¢, —ip.To/8

G (0) = L ipu T/ (11b)

(0 — & +ily/4)* — (& —ip.T,/8)*’

In relation to the transmission in the previous subsection,
one can define A, = G (B, = Gj), and 4; = G} (B, = GY),
such that 4 = G" (B = G*).

In these expressions, the poles £ + (zeros of the numerator;
(w — &y +ily/4)* — (e, — ip;.T/8)%) can be written

i

E.=¢. — 7. (12a)

_ ¢ 1 _ Doy pin?
ei—eoiRcosz,Z— 7 iRsmz, (12b)

where  R? = [ef — p1(Io/8)]° + (e1 - pr)*(Io/4)*  and
tang = (e, - p.)o/4[el — p? ([y/8)?]. Then, since R remains
invariant under p; — —p;, while the phase ¢ is odd, the
symmetry rules for the poles can be summarized as

e.(—p.) =ReE.(—p,) =ReE. (p,) = e.(p.), (13a)
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1
ﬁ =ImE,(-p,) =ImE_(p,) = m (13b)

Hence, the level broadenings 1/1, of the two levels are
interchanged upon switching the sign of p,, see Figure 3 for an
illustration of the modifications of the electronic upon
changing the sign of p;. The plots in the figure illustrates the
spin-resolved local density of electron states for a config-

Israel Journal
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uration parametrized by g,=—0.5¢V, ¢ = 0.025% eV, I'\=
0.05¢eV, and p; = +0.8z. Due to competition between the
local anisotropy and the spin-polarization in the ferromagnetic
lead, the local level is spin split, however, not into pure states
but into linear combinations of the two spin projections, see,
e.g., Eq. (11). By changing the sign of the spin-polarization in
the ferromagnetic lead, a corresponding interchange the order
the local spin states. This interchange of the order of the spin-

25

-0.5

energy (eV)

-0.5
energy (eV)

Figure 3. Example of the spin-resolved density of electron states in the molecule, using Eq. (10), for two different, opposite, spin-polizaritions
p. in the left lead, indicating the interchanging level broadenings upon switching sign of p,. The red and blue lines correspond to opposite
spin projections. Here, the used parameters are £,=—0.5 eV, £, =0.025z eV, [,=0.05 eV, p, = £0.8z.

Ist. J. Chem. 2022, 62, €202200046 (5 of 15)

© 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.

85UBD17 SUOWILLIOD SAIIRID 3cedt [dde 8y Aq pauenob ae oIl VO ‘8sN JO Sa|nI Joj ARIq1T 8UIUO /8|1 U (SUONIPUOD-PUE-SWRIALIY"AB 1M Ale.q Ul |uo//:Sty) SUONIPUOD pue swie | 8y) 88s *[£202/20/2z] Uo Ariqiauliuo A8|im ‘9hog uteyl AiseAn efesddn Ag 970002202 U0 1/200T OT/I0p/W0d" A8 |1 AeIq Ul juo//Sdny Wolj papeojumod ‘ZT-TT ‘2202 ‘8985698T



Research Article

projections does have a direct consequence on the total charge
current, as will be discussed in the following.

First, consider conditions in which there is no molecular
spin anisotropy, that is, el =0. Then, Gr0 is even with respect
to the sign of p,, while G| is odd, which means that the
induced spin-polarization in the molecule changes sign with
the sign change of p,. Moreover, under those conditions, the
level broadenings 1/1, are degenerate, since tang = 0. The
direct consequence of these properties is  that
Too(=pL) = Too(pr), and Ty (pr) ~ pr - (AgBy + 4, B,) and
To(=pr) ~ —pr - (—AyB, — A;B,)), such that the charge
magneto-transmission T (p;) — T o1 (—p,) vanishes identi-
cally. Hence, since the total charge current is also even with
respect to the sign of p,, this entails that J(p;) —J(—p.) =0,
that is, there is no spin selectivity effect. By contrast, since
7T ;+7#0 and both 7, and 7, are odd with respect to p,, the
difference 7 ,, (1) — 7 4»(|) is non- vanishing. Hence, despite
the vanishing magneto-current, the spin-current is non-vanish-
ing, since 7,#0. Also, the spin magneto-transmission
T.p.) —T(—p.)#0. This example illustrates the inap-
propriateness of considering the spin-resolved transmission in

Israel Journal
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the context of magneto-current studies, a conclusion that was
also previously drawn in Ref. [65].

These observations are visualized in Figure 4, showing (a)
the charge, —ImGj/x, and spin, —ImG/ /7, densities of states
for p; = 0.2% (bold — blue color scale) and p;, = —0.2% (faint
— red color scale), (b) corresponding charge current (left) and
normalized magneto-current, AJ = 100 - AJ/,J (o), (right),
(c) transmissions, and (d) spin-resolved transmissions and
magneto-transmissions. The spin-polarization p; in the left
lead generates a finite spin-density in the longitudinal (%)
direction, Figure 4 (a), which changes polarity as p; — —p;.
This property is carried over to the transmissions 7,
m,n € {0,1}, see Figure4 (c), illustrating the even (odd)
property of 7, (7,,,) as p;, — —p,. Consequently, the spin-
resolved transmission as well as spin magneto-transmission
are non-vanishing, Figure 4 (d), while the charge magneto-
transmission vanishes.

Second, should there be a non-vanishing molecular spin
anisotropy, that is, & 70, the over all picture changes. It may
be noticed that the two components 7, and 7, can be written
as

2 @ ey (b)
£ )25. G, A 0.06 2"
S £ o0.04 ') 198
£ 2 o
S £ 0.02 Q
@ o o
2 50 0 3o
% o -0.02] g
S 5 -0.04 e 3
> £ -06 ~
& © 0.06
@
e L L L L L L L J ! L . . L "
-09 -07 -05 -03 -01 -1 0 1 -1 0 1
energy (eV) voltage (V) voltage (V)
(o) J— S R B (d)
& 0.8 -0.01 _ 1 0.04 5
% 0.8; J 0'5: | %
o 06 7]
E 04 -0.03 0 0 3
g Ml T, (1) 2 T(4) /() [0 5
c 2 =
& 01 A jk 01 05 W 00 8
g0 0 0 | 0123
8 o4 Tolh) T, (1) o1 o5 T T(1)-T,(4) g
g : = 02 ©
5 T T e [T S
-0.8 -02 -08 -0.2 -0.8 -02 -0.8 -0.2
energy (eV) energy (eV) energy (eV) energy (eV)
Figure 4. Single level model with vanishing spin anisotropy, €&,=0 for p, = 0.2% (bold — blue color scale) and p, = —0.2z (faint — red color

scale). (a) Charge, —ImGj/m, and spin, —ImG /x, resolved density of electron states. (b) Charge current (left) and normalized magneto-
current (right). (c) Transmission coefficients. In the lower panels, the x- and y-components are zero (not shown). (d) Spin-resolved
transmissions and magneto-transmissions. In the lower right panel, the x- and y-components of 7,(1) —7,(|) are zero (not shown).

Parameters used are: g, —u = —0.5 eV, [,=0.1 eV, and T=300 K.
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+ (Fo/4)*(1 +p1/4)

FO)Z(w_SO)Z—’—g?

T S [P oN [0
_ D _ 2e)(w — &) — pL(I/4)
To=(7)pe (@ E)@_E (14b)

since A; X B; ~ p; - (&, X p;) = 0. By contrast to conditions
where €, =0, the component 7, is neither even nor odd with
respect to the sign of p;, which is a direct consequence of the
symmetry rules of the poles, see Eq. (13). Hence, the differ-
ence 7 (p.) — T (—py) is non-vanishing, such that also the
magneto-current AJ#0.

The plots in Figure 5 illustrate (a) the charge and spin
densities, (b) charge and normalized magneto-current, (c)
transmissions, and (d) spin-resolved transmission and magne-
to-transmission, for the same set-up as in the previous
example, however, with & =257 meV. The non-vanishing
intrinsic local spin moment increases the separation between
the spin states, which is signified by the double peak structure
in the charge density. It also induces an asymmetry in the spin
density, with respect to the bare level energy &,. However, it

O

density of states (arb. units)

09 -07 -05 -03 -0.1

charge current (e/h)
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can be seen that the spin density is neither even nor odd upon
sign change of p,, which leads to a finite magneto-current, see
Figure 5 (b). The corresponding transmissions, Figure 5 (c),
illustrate 7, and 7, showing that the sum of their
contributions is unchanged. It can also be noticed that the z-
components of the transmissions 7 ;,, pertaining to the spin-
current carry their properties over to the spin-resolved trans-
missions and magneto-transmissions, see Figure 5 (d). It
should also be noticed, however, that while the magneto-
transmission for the charge current is asymmetric with respect
to the bare energy level g, the corresponding magneto-
transmission for the spin-current is symmetric. Hence, also in
this situation where there is an intrinsic molecular spin
anisotropy, the spin-resolved transmissions provide inappro-
priate information about the magneto-current.

Among the conclusions that can be drawn from these two
examples, first one should notice that the spin-resolved
transmission has little, if anything, to do with the mechanisms
that are relevant for chiral induced spin selectivity since it is a
measure for the spin current whereas chiral induced spin
selectivity is measured through the magneto-current, which is

-

energy (eV)
e . R I
§ 05 - 0.1
g 03 0
2 Tl Tor(1)
g o1 ) 0l
S 025 A | 01
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Figure 5. Single level model with non-vanishing spin anisotropy, &, = &z, €&, =25 meV, for p, =
—ImGg/m, and spin, —ImG}/m, resolved density of electron states. (b) Charge current (left) and

(faint — red color scale). (a) Charge,

0.2% (bold — blue color scale) and p, = —0.2%

normalized magneto-current (right). (c) Transmission coefficients. In the lower panels, the x- and y-components are zero (not shown). (d)

Spin-resolved transmissions and magneto-transmissions. In the lower right panel, the x- and y-components of 7(7)

shown). Other parameters are as in Figure 4.
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—T,(|) are zero (not
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the difference between two charge currents obtained in two
separate measurements. However, this is not the same as to
say that the spin-resolved transmission and the corresponding
spin current may not be useful for the comprehension of the
chiral induced spin selectivity effect. Second, a non-vanishing
magneto- current can only be provided in a system comprising
a component, here, the molecule, which has an intrinsic spin
anisotropy, which may be absent when the molecule is isolated
from the environment but exists in its presence. For instance,
the magneto-current should not originate in the spin-polarized
leads, since these are included for supplying a reference spin-
polarization of the injected current. Hence, such leads merely
play a role for the detection of the effect. Third, while an
effective single-electron theory can be used to capture the
phenomenon of a magneto-current, one has to include a spin
anisotropy in the description which, at this simple level of
description, provides a phenomenological addition for which
the microscopic origin may be unknown. Fourth, the two
examples illustrate that despite the transmission itself may
provide sufficient information about the transport properties to
predict and interpret the experimental results, it is necessary to
acquire this information for all configurations considered in
the experiment. Only considering the transmission without the
influence of, e.g., a ferromagnetic lead or not comparing the
results for the ferromagnetic lead with two opposite spin-
polarizations does not allow for a full comprehension of the
phenomenon.

Finally, before ending this section an issue that has been
raised within the community about the properties of the spin
anisotropy is addressed. It has been conjectured that the spin
anisotropy &; has to include a longitudinal component for the
chiral induced spin selectivity effect to arise. This conjecture
is, however, likely to have been made on a loose basis without
a solid foundation.

Within the introduced example, it is easy to see that, e.g.,
a spin anisotropy & =g (x+p) and spin-polarization
p. = p.z certainly leads to that the product &, - p, =0, and
that both transmissions 7, are even with the sign of p,.
However, for a lead which is also spin-polarized in the
transverse  direction, that is, p;, =p, +p.Z, where
p. = (Py,py) and at least one of p, and p, non-zero, the
transmission 7 ; loses its even property with the sign of p;.

In Figure 6, the results for an example with &, = &,(x + J),
& =25 meV, and p; = £0.2x are summarized, illustrating the
non-vanishing transverse spin-polarization, (a), and corre-
sponding magneto-current (b), as well as the transmission (c),
spin-resolved transmission, and magneto-transmission (d). It is
interesting to notice that despite the transverse characters of
the spin- polarization and spin-anisotropy, there is, nonethe-
less, a non-vanishing longitudinal component to the spin
magneto-transmission, see Figure 6 (d).

The conclusions of this discussion can be summarized in
the following terms. First of all, in the transport set-up, the
chiral induced spin selectivity effect refers to a measure of the
charge currents obtained in one system under two very
different conditions, or, configurations, which is outlined in

Ist. J. Chem. 2022, 62, €202200046 (8 of 15)
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Figure 1. This picture can be generalized into some intensities
J(m) obtained from the same system configured under
conditions, say, m =7 and m =|. The two intensities are
compared through the normalized difference
AT =1[J(1)=J()]/IJ(1)+J(])], and should it be non-
vanishing there is a measurable difference between the two
configurations. As it has been made clear in this discussion,
the chiral induced spin selectivity effect is neither a measure
of the spin-polarized current nor is it a measure of the spin-
current through the system. Hence, the transmission is a
quantity which very poorly accounts for the effect, first and
foremost since the effect is a result of integrated degrees of
freedom whereas the transmission relates to spectral proper-
ties.

Second, the chiral induced spin selectivity effect cannot be
captured in a single particle theory unless an effective spin
anisotropy is included, an anisotropy that inevitable originates
from the interplay between structure, spin-orbit interactions,
and electron correlations. The latter picture should, therefore,
be referred to as a correlated description. The difference
between the descriptions is summarized by means of the
schematic illustration in Figure 7. In this figure, the external
conditions is represented by a ferromagnetic metal in the left
lead. The presence of the ferromagnet spin splits the local
molecular level. In the single particle theory, this splitting is
nominally the same for both types of ferromagnets, however,
with opposite signs, see panels (a), (b). The spin-polarizations
of the currents in the two cases are equally strong but with the
opposite signs, hence, the total charge current remains the
same. In a correlated theory, there is a local spin anisotropy
which competes with the influence from the ferromagnet, such
that the local spin splitting is much larger in one configuration
compared to the other, see panels (c), (d). This leads to a
difference in the total charge current. Hence, the resulting flux
through the system is not equal in the two configurations,
since the spin anisotropy acts as an additional and variable
resistance to the charge current between the two configura-
tions.

2.3 Chiral Lattice Model

Next, the theoretical basis discussed in the previous section is
here transferred into an effective model for chiral molecules.
For the purpose of being concrete, this model is based on the
lattice model introduced in Refs. [59,62,63,66] with the
modifications, however, that the single electron level per site
is extended to include multiple levels. Furthermore, the
interactions (electron-electron or electron-vibration) that were
included in those previous discussions are here replaced by a
simple phenomenological spin anisotropy. The generic molec-
ular geometry considered here is described by the set
M=MxN of spatial coordinates
r, = (acos,,, asing,,, c,,), @ =2m(m—1)/(M — 1),
m=1,..,M, and c,, = cg,,/2n, where a and c define the
radius and length, respectively, of the helical structure, where-
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Figure 6. Single level model with non-vanishing spin anisotropy, &, = & (X +y), & = 25 meV, for p, = 0.2x (bold — blue color scale) and

p. = —0.2x (faint — red color scale). (a) Charge,

—ImGg(w)/m, and spin, —ImG,(w) /7w, resolved density of electron states. (b) Charge current

(left) and normalized magneto-current (right). (c) Transmission coefficients. In the lower left, color code is the same as in panel (a). In the
lower right, the y- and z-components are zero (not shown). (d) Spin-resolved transmissions and magneto-transmissions. In the lower right,

color code for 7, () —

as M and N denote the number of turns and ions per turn. Each
coordinate denotes an ionic site which is represented by a set
of electron levels described by

=> 9,

where y' = (d|d!)(y) is the creation (annihilation) spinor,
Epn = ES,), 04 g, ) - 0 represents the bare energy spectrum for
electrons in the nth level at the site, and w,,, denotes the
matrix element for transitions between energy levels within
the site.

Electrons hopping between nearest-neighboring and next
nearest-neighboring sites occur with the energies ¢,,, and
ilm,,,,,vf;) -0, and spin-orbit coupling is picked up between
next-nearest neighbor sites through processes of the type
wjnntmnn'w(ers)n’ and imnn Wm,, m Uw(m+25)n’7 respectively,
where s = +1. Here, A,,,, denotes the spin-orbit interaction
parameter, whereas the vector vfjl) =d, e X d, 42y defines the
chirality of the helical molecule in terms of the unit vectors

Emnu)mn + Z (winn

nn'

wmnn’Wmn’ +H'C')a (15)

Ist. J. Chem. 2022, 62, €202200046 (9 of 15)

T,(]) is the same as in panel (a). Other parameters are as in Figure 4.

dyo = (Fp —Foiy) /¥ — Finysls pOSsitive chirality corresponds
to right handed helicity.
The chiral molecule comprising M sites can, thus, be

modeled by the Hamiltonian

Hm_ (

1 m=1

'+ H.c.)

M M—-1
mol
m=

mnn 1/"(m+1

S

-2

+ ( mnn’ 1/’,,1,, m

1

V0P + Hoc), (16)

3
Il

The molecule is coupled to metallic leads by tunneling
interactions

HT = Z tpw;w1 + Z fqll)j,ll)M + H-C~7 (17)
'4 q

where the leads are modeled by H, =), w,tskz/)k,
& = £,0° +4,0°/2. Here, y=L,R denotes the left (L, k = p)
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Figure 7. Schematic illustration of how a single particle theory (upper) versus a correlated theory (lower) accounts for the chiral induced spin
selectivity effect. The arrow in the upper left corner in each panel signifies the configuration of the external conditions, here, is represented by
a ferromagnetic metal in the left lead. The presence of the ferromagnet spin splits the local molecular level. In the single particle theory, this
splitting is nominally the same for both types of ferromagnets, however, with opposite signs, see panels (a), (b). The spin-polarizations of the
currents in the two cases are equally strong but with the opposite signs, hence, the total charge current remains the same. In a correlated
theory, there is a local spin anisotropy which competes with the influence from the ferromagnet, such that the local spin splitting is much
large in one configuration compared to the other, see panels (c), (d). This leads to a difference in the total charge current.

or right (R, k = q) lead, and 4, denotes the spin-gap in the The current is calculated using the formula in Eq. (1),
lead. Hence, the full metal-molecule-metal junction is which can be obtained by employing standard methods for
described by non-equilibrium Green function, see, e.g., Refs. [59,62].

Specifically, from the Hamiltonian given in Eq. (18), the
H=H;+Hg+Huo + Hr- retarded Green function for the molecule, G"(w) = {G’, , },.n

where G, () = (¥ |¥})) (@ +i0), §>0 infinitesimal, is
obtained from the expression
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i

Gr(w) = ((U - Hmol + 2

ry, (19)

where I' = {I,,, } ., is the M x M-matrix in which all entries

are themselves 2 x2-matrices, all zero except I';; = I'" and
Ty = TR The lesser/greater Green functions G</> are
provided from the standard relation

G** () = (£i)2,f,(xw)G (0) G*(w), which subsequently
are inserted into the expression for the current given in Eq. (1).

2.3.1 Single Electron Per Site

First, consider a single stranded helix, comprising a single
electron level per site, that is, n=1 for each m. Such a system
can be represented in terms of the model introduced in
Egs. (15)—(18) by setting the intra-site hybridization matrix
W, = 0, while putting the nearest neighbor and next-nearest
neighbor tunneling matrices o = 10" and
AV -0 = 2gv%) - 0, assuming uniform tunneling rate
throughout the structure. The last assumption is not necessary
in the context of single stranded helices, however, it is
implemented here for simplicity. For a chain of equivalent
sites, it is, furthermore, justified to assume that
e, =¢&=¢,0° + ¢ - 0. For the sake of illustrating the effect,
it is instructive to express the internal spin-anisotropy in terms
of an equivalent magnetic field B, such that ¢, = guzB, where
g=2 is the gyromagnetic ratio and up is the Bohr magneton.
Then, using ¢,=1 eV, and setting 1, = ¢,/1,000, I, = ¢,/10,
p, =102z, and ¢y —u = —t,/2, where u is the common
equilibrium chemical potential of the system, and performing
the simulations at 7=300 K, the resulting normalized magne-
to-current is shown in Figure 8 (a) for B=0 (black), B=100 T
(blue), B=500 T (red), B=1, 000 T (magenta), and B=1,
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500 T (purple). The currents for p, = 0.2z (blue) and
pr = —0.2% (red) in Figure 8 (b), correspond to the case B=1,
500 T.

As can be expected, there is no magneto-current in absence
of the spin anisotropy (black), while the it increases with
increasing B. In the light of experimental observations where
magneto-currents between a few percent to nearly a hundred
percent, the values of the normalized magneto- currents plotted
in Figure 8 are reasonable. However, while the magnitudes of
the equivalent B-fields are unrealistically large, they illustrate
the inability to represent and explain the chiral induced spin
selectivity effect in single stranded helices in terms of single
electron theory using realistic values on the parameters.
Despite this inability, the observation that the chiral induced
spin selectivity effect actually can be obtained by inclusion of
the spin anisotropy &;, suggests that is should be possible to
address the effect through electron correlations, as was
previously done in, e. g., Refs. [59,61-66].

2.3.2 Multiple Electrons Per Site

It has been argued that while the single stranded helix cannot
be effectively modelled to provide a non-vanishing chiral
induced spin selectivity effect,?**"* this should be possible in
a double stranded helix. Hence, whereas the example above
can be regarded as to represent a single stranded helix, a
double, or multiple, stranded helix can be represented in terms
of the full model introduced in Egs. (15)—(18), by letting the
intra-site and inter-site hybridization matrices w,,,,,,, and #,,,,,,
respectively, assume non-zero values, with n=1, 2, . . . for
each m. Hence, transitions from all # to all n’ are allowed. For
simplicity, however, it is assumed that w,,,,, = w,0° 4+ w, - 0,
Loy = 1,0° + 1, -0, and A, = Ao, that is, again assuming

(@) 3 | (b) |

™ 30 + 8

L 25 = 17 x10"

= n 1500T| €

g — 7 N\ B=to00T| £ of > 0T

3 15 — &

2 T BS0OT | 3

5 A B=100T :

£ 0 , . B?O T |
-5 0 5 -5 0 5

voltage (eV/t0) voltage (eV/0)
Figure 8. (a) Normalized magneto-current for a 10x6 sites helix as function of the voltage bias for different spin-gaps & = gu,B, and B=0

(black), B=100 T (red), B=500 T (blue), B=1,000 T (magenta), and B=1, 500 T (purple). Notice that the curves are off-set for clarity. (b)
Charge currents for the set-up with B=1, 500 T. Parameters used are: ¢, —u = —1/2, A4, =1/1,000, I', = 1/10 in units of t, =1 eV, and

pL = £0.2z at T=300 K.
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uniform hybridization rates throughout the structure. The
values from the single stranded structure are retained, that is,
ty=1¢eV, 1, =1,/1,000, and I, = t,/10.

Regarding the model to represent a double stranded helix
with a single level per site, or a single stranded helix with two
energy levels per site, it is first assumed that the energy levels
are degenerate, such that &=¢%0", and setting
e —yu=e—pu=—t/2, for all m and n. In Figure9, the
magneto-currents are plotted as function of the voltage bias for
a 2x3 with two degenerate energy levels per m with (a)
wi/wy = (0,0,0), (b) wi/wy = (0,0,0.1), (©
wy/wy = (1,1,0), and (d) w,/w, = (1,1,0.1), and inter-site
tunneling (green) ¢ /t, = (0,0,0), (blue) ¢ /t, =(1,1,0),
(red) #,/t, = (1,1,0.001), and (purple) #,/t, = (0,0,0.001),
and w, = —1/100 in units of ¢, = 1 eV, while other parame-
ters are as in Figure 8.

Under all conditions but one, there is a non-vanishing
magneto-current, however, in all cases it is less than 0.3 %.

o)
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Absence of spin-dependent hybridization, that is, both
Wy = Wo0" and t,,,, = t,0°, yields a magneto-current which
vanishes identically, see Figure 9 (a) (green). In all cases, the
next-nearest neighbor spin-orbit coupling 4,,,.,7#0. Hence,
these results point towards an important aspect of the chiral
structures. Namely, the mixing of the electronic structures of
two separate helices, such that, at least one of wfrllzm, and tfnlsz
are non-vanishing, introduces an intrinsic spin anisotropy in
the structure which clearly is not there in the complete absence
of this mixing. In this sense, then, these results corroborate the
conclusions drawn in Refs. [39—-41,50], that a double stranded
structure is necessary to obtain the effect. However, these
results also suggest that the magneto-current is likely to be
less than a percent in a set-up with realistic values. The
conclusions drawn in Refs. [39,40,50] should be related to the
inclusion of a dissipative contribution, something which would
generate a large chiral induced spin selectivity effect, which
also corroborates the conclusions from Refs. [59,61-66].

o
o

t t,=(0,0,0)
t/t=(1,1,0)

o
—

magneto current (%) ©
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w,w,=(0,0,0.1) t/t=(1,1,0.001)
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Figure 9. Normalized magneto-current for a 2x3 sites helix with two energy levels per site, for different intra-site and inter-site level
hybridizations w;, and ¢, respectively. (a) w,/w, =0, (b) w,/w, =(0,0,1/10), (c) w,/w, = (1,1,0), and (d) w,/w, = (1,1,1/10), where
t,/ty =(1,1,1/1,000) (red); #,/t, = (1,1,0) (blue); #/t, =0 (green); ¢, /t, = (0,0,1/1,000) (purple). Parameters used are: ¢, —u = —1/2,
Ao =1/1,000, 'y = 1/10 in units of t, =1 eV, and p, = +0.2z at T=300 K.
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It should, moreover, be noticed in the results presented in
Figure 9, that a sole transverse spin-dependent mixing tﬁ,l,ﬂm/
results in a non-vanishing magneto-current, see Figure 9
(blue). Despite this observation, it should also be noticed that
the magneto-current is strongly suppressed in the absence of a
longitudinal mixing. Hence, by introducing a longitudinal spin
mixing component to either of wf,ﬁ,)m, or tfi,)m, enhances the
magneto-current by about three orders of magntidue. The
picture remains qualitatively unchanged when lifting the

degeneracy of the energy levels &, letting, for instance,

mn?

sﬁ,?; < e% < .... The simulated results for a 2x3 molecule
with &) — = —2¢, and ') — u = —1,/2 are summarized in

Figure 10 (a) w, /w, = (0,0,0), (b) w;/w, = (0,0,1/10), and
(c) wi/wy=(1,1,0), with (green) #/t, = (0,0,0), (blue)
t/ty=(1,1,0), (red) t/t,=(1,1,0.001), and (purple)
t,/ty = (0,0,0.001), and wy, = —1/100 in units of t, =1 eV,
while other parameters are as in Figure 8.
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The lowered symmetry of the molecule is reflected in
more details in the magneto-current, however, the overall
amplitude of the magneto-current is reduced to less than 0.1 %.
This reduction in the amplitude can be understood as a
reflection of the lowered symmetry, which leads to less
resonant states in the structure and, hence, a weaker intrinsic
spin anisotropy. Introducing more (non-degenerate) energy
levels, equidistantly distributed in the energy range between
—2t, and —t,/2, Figure 10 (d) (blue) two levels, (red) three
levels, (purple) four levels, and (green) five levels, facilitates
an enhancement of the magneto-current. This enhancement
can be attributed to (i) the increasing number of conduction
channels and (ii) the lowered spacing between adjacent energy
levels, both conditions which increase the symmetry of the
spectrum in the sense that more and more states become nearly
resonant which, in turn, increases the intrinsic spin anisotropy.

—
=2
S

0.05

t/t =(0,0,0)

w1/w0=(q,0,0.1 ) . t1/tq=(1 ,1,0)

magneto current (%)

-2.5 0 2.5
voltage (eV/t0)

—
Q.
S

W W,=(1,1,0.1)  t/t,=(1,1,0.001)

magneto current (%)

-2.5 0 25
voltage (eV/t0)

Figure 10. Normalized magneto-current for a 2x3 sites helix with two energy levels per site, for different intra-site and inter-site level
hybridizations w;, and ¢, respectively. (a) w,/w, =0, (b) w;/w, =(0,0,0.1), (c) w,/w, =(1,1,0), and (d) w,/w, = (1,1,0.1), where
t,/ty =(1,1,0.001) (red); #,/t, = (1,1,0) (blue); #/t, =0 (green); #/t, = (0,0,0.001) (purple). Parameters used are: & —u = —0.5,
Ao =0.001, I', = 0.1 in units of t, = 1 eV, and &, = gugB, B=500 Tand p, = +0.2z at T=300 K.
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In all the examples presented and discussed here, the
amplitude of the normalized magneto-current is less than one
percent, and it is worth to elaborate on reasons why this is the
case. First, the chiral induced spin selectivity effect is not a
measure of the induced spin-polarization in the molecule, or,
in the composite system comprising the molecule and the
leads, due to the spin-polarization of the injected electrons.
The chiral induced spin selectivity effect is a measure of the
variations of the charge current as function of the magnetic
conditions applied to the system. The difference between the
two concepts can be understood as the difference between the
charge and spin currents, where only the former is directly
related to the chiral induced spin selectivity effect.

3. Conclusions

In conclusion, it has been shown that when comparing
theoretical results with measurements of the chiral induced
spin selectivity effect, one inevitably has to study the charge
currents obtained for different configurations of the externally
applied spin-polarization or magnetic field. For such compar-
isons, the spin-polarized transmission of the system has little,
if anything, to do with the conclusions one can draw about the
effect for different compounds and configurations of the set-
up. Likewise, while the spin-current may be used to extract
deeper information about the origin of the chiral induced spin
selectivity, thus far, there is no such experimental result with
which the spin-current can be compared. It is, therefore, an
important observation that studies of the chiral induced spin
selectivity in terms of the spin-polarized current or the spin
current lead to conclusions that cannot be directly compared to
any of the experimental observations reported thus far.
Reported observations of the chiral induced spin selectivity
effect only concerns the properties that can be related to the
charge currents. It has, furthermore, been demonstrated that
while single-electron models, in general, are not viable tools to
describe the chiral induces spin selectivity effect, by introduc-
ing an effective spin anisotropy to the molecular junction one
can, nonetheless, construct simple models as fitting tools.
However, these effective spin anisotropies typically corre-
spond to unrealistically large magnetic fields, which make the
usefulness of such constructions questionable. Moreover, the
origin of such spin anisotropies is related to the interplay
between the structure, spin-orbit interactions, and electron
correlations. The effective spin anisotropy can, in this sense,
be thought of as a parametrization of the electron correlations.
Finally, it was demonstrated that while the chiral induces spin
selectivity effect can be enhanced by introducing more
channels which are spin-dependently interconnected, the
enhancement of the effect is still marginal, resulting in effects
that are less than 1% in models using somewhat realistic
parameter values.

This should conclude the discussion of the potential
usefulness of single electron models for the description of the
chiral induced spin selectivity effect, as well as to why the

Ist. J. Chem. 2022, 62, €202200046 (14 of 15)
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spin-resolved transmissions should not be used in comparison
with the experimental observations of the effect.
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