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Charge Redistribution and Spin Polarization Driven by Correlation Induced Electron Exchange in
Chiral Molecules
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Chiral induced spin selectivity is a phenomenon that has been attributed to chirality, spin-orbit interactions,
and non-equilibrium conditions, while the role of electron exchange and correlations have been investigated only
marginally until very recently. However, as recent experiments show that chiral molecules acquire a finite spin-
polarization merely by being in contact with a metallic surface, these results suggest that electron correlations
play a more crucial role for the emergence of the phenomenon than previously thought. Here, it is demonstrated
that molecular vibrations give rise to molecular charge redistribution and accompanied spin-polarization when
coupling a chiral molecule to a non-magnetic metal. It is, moreover, shown that enantiomer separation, due to
spin-polarization intimately related to the chirality, can be understood in terms of the proposed model.

Since its discovery, chiral induced spin selectivity[1, 2]
has been considered to emerge from the the combination of
structural chirality, spin-orbit interactions, and strongly non-
equilibrium conditions. While chirality is a prerequisite,
spin-orbit interactions is suggested to be one of the corner-
stones in any theoretically comprehensible description [3-28].
Non-equilibrium conditions, arising from the probing tech-
niques used in the measurements, for instance, light expo-
sure [1, 2, 29-33], local probing techniques [34-37], trans-
port [35, 38, 39] and different types of Hall measurements
[30, 31, 40], however, have typically not been regarded as
part of the phenomenology. Particularly, in many theoreti-
cal considerations, non-equilibrium conditions have not been
accounted for. Instead, the focus has lied on the transmission
properties of chiral molecules embedded in a given environ-
ment [3-13, 15-18, 20-22, 24, 25]. While the transmission
pertains to the linear response regime, it is typically the result
of a single particle description which, therefore, is not capable
of resolving the chemistry or physics the molecule is subject
to under non-equilibrium conditions.

In chemistry, it is well known that addition or subtraction
of one or several electrons can completely change the prop-
erties of the molecule. For instance, charge, as well as, spin
polarization resulting from changing the number of electrons
on the molecule may vary its intrinsic properties to a degree
which can only be addressed in terms of sophisticated theo-
retical methods. Questions related to such structural changes
were recently addressed,[23, 41] stressing the vital role of
electronic Coulomb interactions in this context. It was shown
that Coulomb interactions generate the exchange necessary
for producing measurable effects regarding, for example, chi-
ral induced spin selectivity and enantiomer separation. Other
attempts along these line, however, through electron-vibration
[26, 28], and polarons [27], have shown on the importance of
expanding the theoretical concepts to more elaborate models.

In this context, it is also natural to question whether the
chiral molecules maintain their intrinsically spin-degenerate
properties when attached to metals. Indeed, recent experi-
ments suggest that a strong spin-polarization can be associated
with the interface between chiral molecules and metallic sur-
faces [40, 42—44]. In Refs. 40, 42, chiral molecules were used

to control the magnetism in a thin Co layer, resolved through
the anomalous Hall effect, while enantiomer separation was
concluded viable on non-magnetic metals [43], whereas Yu-
Shiba-Rusinov states [45-47] were observed in the vicin-
ity of chiral molecules on the surface of superconducting
NbSe,. [44] Since the observation of Yu-Shiba-Rusinov states
is strongly related with the presence of localized magnetic mo-
ments, these results vividly suggest the emergence of finite
spin moments when interfacing chiral molecules with met-
als. Related to these observations are also the results showing
strongly enantiomer dependent binding energies on ferromag-
netic metals [48-51]. Enantiomer separation was addressed
theoretically in Ref. 41 for molecules in contact with fer-
romagnetic metal, based on a description in which the elec-
tronic exchange plays a crucial role in the magnetic response.
On the other hand, since these studies were made solely for
molecules in an environment where the ferromagnet generates
the symmetry breaking to which the electronic properties of
the molecule respond, the question whether chiral molecules
themselves may generate a finite spin-polarization when in
contact with a metal remains open.

A summary of the collected research, thus far, concerning
the magnetic properties of chiral molecules is illustrated in
Figure 1. In vacuum, the spin-degenerate charge is uniformly
distributed in the molecule (Figure 1(a)). Upon coupling the
molecule to a non-magnetic metal, the charge is strongly re-
distributed resulting in a non-vanishing charge polarization
(Figure 1(b)). By the chirality, the charge polarization is ac-
companied by a spin-polarization (Figure 1(b)). The intrin-
sic preference of the spin-polarization can be amplified or re-
duced with a ferromagnet (Figure 1(c, d)).

In this Letter, it is demonstrated that electron correlations
originating in molecular vibrations is of crucial importance for
the emergence of a finite spin-polarization in chiral molecules
coupled to a metal. While the molecular structure is non-spin-
polarized in vacuum, vibrationally assisted charge redistribu-
tion created in molecules attached to a metal, generates a fi-
nite spin-polarization due to chiral induced charge-spin sepa-
ration. The phenomenology is unequivocally shown to be as-
sociated with molecular vibrations combined with a strongly
asymmetric charge polarization. Implementation of these re-



T TATAT ) RO\ TATATAT

XXX/

7Z

) ’\’\’\’\l\ fe@et
XXX/

f _—

charge distribution

charge distribution

o

(c) ’\’\’\’\’\ fe:@et (
XXX/

charge distribution
charge distribution

FIG. 1. Chiral molecule in (a) vacuum, (b) in contact with non-
magnetic metal, (c, d) in contact with ferromagnetic metals with op-
posite orientations. The diagrams illustrate the spin resolved molec-
ular charge distributions, ny (blue) and n| (red). The black lines
indicate the charge distribution in vacuum.

sults in ferromagnetic environment corroborate, moreover, the
importance of electron correlations as a source of an exchange
splitting between the spin channels.

The discussion presented here is based on simulations of
idealized chiral models of realistic, e.g., a-helix oligopep-
tides and polyalanines. Since the focus lies on the cooper-
ation between chirality, spin-orbit interactions, and electron
correlations, the mapping onto specific molecular compounds
is less important as the details strongly vary between different
structures. The model was proposed in Ref. 28. Using ex-
perimentally viable spin-orbit interaction parameters, it was
shown under non-equilibrium conditions that, the exchange
splitting between the spin channels that was introduced by
vibrations, supports a chiral induced spin selectivity of tens
of percents. The exchange splitting is, hence, a source for a
substantial non-equivalence between the spin channels, a non-
equivalence which is maintained under reversal of the mag-
netic environment.

A fundamental difference from essentially all previous the-
oretical studies is that, here the molecule is attached to a single
metal and no external forces are applied. Hence, the molecule
establishes a (quasi-) equilibrium state with the metal, in
which no charge currents flow, which is the state considered
here. While rapid transient evolution is fundamentally inter-
esting in this context, it is beyond the scope of the present
discussion. In this sense, the theory presented here is more di-
rectly appropriate for comprehending the results in, e.g., Refs.
40, 42, while the connection is more losly qualitative with the
experiments reported in, e.g, Refs. 48-51.

The simulations are performed on a model of a chiral struc-
ture which constitutes a set of M = M X N ionic coordinates

m = (ACOS Y, asingy,, cy), om = (m—1)2r/(M—1), and ¢;, =
(m—1)c/(M - 1), where a and c define the radius and length,
respectively, of the helical structure of M laps with N ions per

lap. A Hamiltonian model can be written as
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Here, the molecule is described by a set of single-electron
energy levels {g,,}, where &, denotes the energy level at the
position r,,, associated with the electron creation and annihi-
lation spinors tpjn and ¥, respectively. Nearest-neighboring
sites interact, second line in H,o, via direct hopping, rate f,
and electron-phonon assisted hopping, rate t,,,. Similarly, the
spin-orbit coupling is picked up between next-nearest neigh-
bor sites, last line in Hpyor, through processes of the type
u,bj,,vﬁ,,) OWm+2s, S = =1, where Ay and A, denote the di-
rect and electron-phonon assisted spin-orbit interaction pa-
rameters, respectively, and where o denotes the vector of
Pauli matrices. The vector v( $) = dmﬂ X (Alm+zs defines the
chirality of the helical molecule in terms of the unit vectors
&m+ s = (T = Tpas)/I0m — Tmesl, and different enantiomers are,
here, represented by different signs (+) of the chirality. The
electrons are at each site coupled to the vibrational modes
wmy, Which are represented by the phonon operators b,,, and
b:,w, through the rates t,, and A,,,. For simplicity and with-
out loss of generality, each site is modeled to carry a single
vibrational mode that couples to the electronic structure on-
site only. By omitting inter-site couplings, it is justified to
assume that the ions vibrate with the same energy wq and that
the on-site electron-phonon coupling parameters f,,, = t; and
Amy = A1, for all m and v. While the spin-independent coupling
t1 is not strictly necessary to obtain results that are qualita-
tively similar to the one presented in the following discussion,
it has been included since it is likely to be larger than the spin-
dependent coupling 1;. Any Coulomb repulsion has been ex-
cluded since the vibrationally induced exchange is expected to
be dominating at room temperature, which is of main interest
here.

The presence and properties of the metallic surface is cap-
tured by the parameter I’ = I'y(c° + po<)/2, which represents
the coupling between the ionic site m = 1 and the itinerant
electrons in the surface. Here, ['o = 27 ) i |vk0|2pa-(8k) ac-
counts for the spin-dependent hybridization rate v, and spin-
density of electron states p,(ek) in the metal, whereas |p| < 1
denotes the effective spin-polarization of the coupling.

The properties of the electronic structure are related to
the single electron Green function Gy, (z) = ((!//mlt,bj,))(z), let-
ting G, = G, through, e.g., the density of electron states
pm(w) = ispl[G;,(w) — G;,(w)]/2m and spin resolved charges
(o) = (=i)sp(c® +0'(mo-z)fG (w)dw/4r, where G<(>)
proportional to the density of occupied (unoccupied) electron



states. Here, sp denotes the trace over spin 1/2 space.
The equation of motion for the Green function G, =
G,,n(z) can be written on the form
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Here, E| = &1 —iI'/2, which includes the level broadening due
to the coupling I of this site to the metal, wheareas E,, = &,
2<m<M, and G, =0 for m,n ¢ {1,2,...,M}. The self-
energy X, = X,,(z) represents electron-phonon interaction
loop described by

1
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where z,, = i(2n+1)r/B is the Fermionic Matsubara frequency,
whereas 8= 1/kpT is the inverse temperature 7 in terms of the
Boltzmann constant k. In terms of the simplest non-trivial
electron-phonon interactions, the self-energy is given by

_np(wo) + 1= f(&m) . s(wo) + f(&m)
I—Wo— &y I+wo—&p

“)

where np(w) and f(w) are the Bose-Einstein and Fermi-Dirac
distribution functions, respectively. Insofar the exchange
splitting generated by the molecular vibrations can be re-
garded as an intrinsic property of the structure, the employed
approach is justified since it captures the main effect of the
electron-phonon coupling. Hence, despite the charge redistri-
bution may modify the exchange splitting, the gross effect of
the electron-phonon interactions is captured by using the ap-
proximation of instantaneous thermalization of the vibrations.

The plots in Figure 2(a) show the charge distribution for
the vibrating molecule mounted on the metallic surface. The
charge distribution is at 300 K (i) strongly redistributed, with
depleted charge in the interior of the molecule accumulat-
ing near the metal, and (ii) accompanied by a non-vanishing
spin-polarization, see Figure 2(a, b). At low temperatures
(20 mK), the charge is strongly confined to its bare electronic
structure, since the vibrational excitations are thermally sup-
pressed, which leads to a substantially weakened charge re-
distribution. Nevertheless, the small amount of charge re-
organization that does occur is also accompanied by a non-
vanishing spin-polarization, albeit much weaker than at el-
evated temperatures. The orientation of the emerging spin-
polarization depends on the chirality of the molecules, Figure
2(b), which is expected since only the chirality change upon
shifting helicity from positive to negative. It should be noted
that the absence of spin-polarization of the site adjacent the
surface is an effect of the fixed boundary conditions. As ref-
erence these results are compared with the result of the static
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FIG. 2. Chiral molecule (8 X 6) in contact with a metallic sur-
face. (a, b) Spin-resolved charge distribution and corresponding
spin-polarization ({m) = (ns —n)/2) per site in the chiral molecule
at the temperatures 7 = 20 mK and 300 K. In (a), the blue (cyan)
and red (magenta) lines correspond to ny and n|, respectively, at 300
K (20 mK). In (b), the blue (cyan) and red (magenta) lines repre-
sent positive (+) and negative (—) helicity, respectively, at 300 K (20
mK). (c) Spin-resolved charge distribution per site in the static chi-
ral molecule at 20 mK (cyan, magenta) and 300 K (blue, red). (d)
Spin-resolved charge distribution per site in the isolated vibrating
chiral molecule at 20 mK (cyan, magenta) and 300 K (blue, red). (e,
f) Charge and spin polarizations P, and M., respectively, as func-
tion of the number of sites, at 300 K. (f) Positive (negative) helicity
is denoted by open (filled) hexagons. Here, parameters used in the
simulations are, in units of #y = 40 meV: gy — Efp = -2, I’y = 1/10,
wo =1/100, 29 = 1/40, t; = 1/10, and A; = 1/400, where EF is the
Fermi energy of the metal. An intrinsic broadening 1/7,, = #/4 was
used in the vibration self-energy in order to smoothen the electronic
densities. In panel (d), the long wave length substructure is attributed
to the numerical sensitivity to the integration mesh at low tempera-
ture.

molecule, Figure 2(c), and the vibrating molecule in vacuum,
Figure 2(d). In both configurations, the charge distribution
is weakly non-uniform, and symmetric around the center of
the molecule along its length direction, with vanishing spin-
polarization, both at low and high temperatures. The charge
variations in Figure 2(c) are due to the strongly delocalized
nature of the electrons, such that the site index is not a good
quantum number. Hence, the charge may accumulate or de-
plete non-uniformly throughout the structure while the total
charge is conserved.

The charge polarization, P, =23,,(¢;n — {2)){nm)/ML, (z) =
SmCm/M, (ny,) =3 ey, and L = cM, can be used for a nor-
malized collective measure of the charge redistribution, such
that |P,| < 1. In this context, then, a negative (positive) charge
polarization should be understood as a charge accumulation
(depletion) in the end of the molecule adjacent to the metal,
and charge depletion (accumulation) in the free end of the
molecule, (Figure 2(a, c, d)). In analogy to the charge po-
larization, a measure of the mean spin-polarization is given
by M, =23%,,(cm —{2)){mr —my)/L. A negative (positive)
value of this measure should, accordingly, be interpreted as
an overweight of spin T (|) near the metal and/or an over-
weight of the opposite spin on the free end, see Figure 2(b).
Here, P, and M, associated with vibrating molecules at 300
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FIG. 3. Chiral molecule (8 X 6) in contact with a ferromagnetic
surface. (a, b) Spin-resolved charge distribution for a molecule
with (a) positive and (b) negative helicity. (c) Corresponding spin-
polarization per site in the chiral molecule, for (blue) positive (+) and
(red) negative (—) helicity. (d) Difference (m_)+ — (m;)_ between the
spin-polarizations for positive and negative helicity. (e, f) Charge and
spin polarizations P, and M., respectively, as function of the number
of sites, for positive (open symbols) and negative (filled symbols) he-
licity. Here, p = 0.1 and T = 300 K, while other parameters are as in
Figure 2.

K are plotted in Figure 2(e, f), as function of the molecule
length. The plots demonstrate the growth of both charge and
mean spin-polarization with molecular length. The charge po-
larization appears, in addition, to be a universal feature, as the
values of the different types of molecules fall on essentially
the same line. The deviations (M X 9) are an effect of the fi-
nite size which tend to vanish with increasing length. Absence
of either vibrations or coupling to external environment leads
to vanishing charge and mean spin-polarizations, (Figure 2(c,
d)). The results summarized in Figure 2 confirm that charge
polarization, and accompanied spin-polarization, in the com-
posite system originates in electron correlations.

The above results demonstrate that a finite spin-polarization
emerges in the chiral molecule when interfaced with a metal.
Since the sign of the spin-polarization depends on the chiral-
ity, with an overweight of spin | (T) near the interface for posi-
tive (negative) helicity, this spin-polarization is expected to be
diminished (enhanced) by a positive spin-polarization (p > 0)
in the coupling parameter I'. This expectation is corroborated
in the spin-resolved charge distributions shown in Figure 3,
for (a) positive and (b) negative helicity, and (c) correspond-
ing spin-polarizations, in the set-up with p = 0.1. Here, the
spin-polarization of the molecule with positive helicity has
a tendency to counteract the external spin-polarization, in a
fashion which is not unlike a diamagnetic property. Oppo-
site (negative) helicity tends, on the other hand, to magnet-
ically act cooperatively with the external spin-polarization.
The loss of mirror symmetry between the plots in Figure 3 (a)
and (b) is an expected outcome of the vibrationally generated
exchange. However, despite the molecular spin-polarization
tends to be strongly modified by the external conditions, the
intrinsic properties of the chiral molecules remain unchanged
when comparing positive and negative helicity. This is shown
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FIG. 4. (a, b) Evolution of (S ;) of the local spin moment S under the
self-consistent simulations for (a) 3 X4 and 6 X 4 molecules, and (b)
20 x4 molecule. (c, d) Spin-resolved molecular charge distributions
in the self-consistent limit for (c) positive (+), and (d) negative (—)
helicity. (e) Spin-polarizations (m;). corresponding to the charge
distributions in panels (c, d). Maximum value of § = (S;)¢ in the
initial spin (S)g = (1,1,+6)/ V2 that can be switched for different
molecules characterized by M X N. Here, €9 — EF = —1/2, in panels
(c,...,f) ty = 1/20, 19 = 1/10, 41 = 1/20, v =1 in units of #y, while
other parameters and parameters in panel (a) are as in Figure 2.

by the difference (m_), —(m;)_ (helicity +) in Figure 3(d). The
difference in the induced spin-polarizations is the same for any
p, here shown for p =0, 0.1, and 0.5, something which indi-
cates an intrinsic anisotropy. Since a corresponding universal
difference between the spin-polarizations does not exist in ab-
sence of the vibrationally generated correlations (not shown),
this result shows a stability of the correlation induced spin-
polarization. Moreover, while an external spin-polarization
p tends to result in a slightly different charge polarization P,
for different helicity (Figure 3(e)), although minute, the mean
spin-polarization M, is strongly affected (Figure 3(f)), in ac-
cordance with the expected characteristics. The length depen-
dence of the mean spin-polarization M, is in good agreement
with the results reported in, e.g., Refs. 2, 48, especially for
longer chains whereas the agreement is not as well for short.

The magnetic anisotropy generated by the chiral molecule
can be shown to influence an external spin moment S which
is coupled to the molecule via exchange v, modelled as
vt/ﬂ;a' -Syr1. Putting p = 0, such that the coupling T' = Tp00/2,
ensures that the model describes a spin moment embedded
in a non-magnetic metal, corresponding to the set-up in, e.g.,
Ref. 40. Self-consistent calculations with respect to the
molecular charge distribution show that an initial spin moment
(SYo = (cos¢,singp,0)/ V2,0< @ < 2x, eventually reaches the
final state (S) = ¥(0,0,1) for + helicity (Figure 4(a)). This
result demonstrates the existence of an intrinsically sustained
anisotropy which can be coupled to and influence the mag-
netic properties of the environment. Here, the local moment is
represented by a spin § = 1, for which the expectation value is
provided by (S) = X, (a|S|a), with respect to the spin Hamil-
tonian Hg = ivS - sp f oGl (w)dw/4r.

By additionally exploring the intrinsic properties, adjust-



ing the molecule parameters (see Figure caption for details), it
can, furthermore, be demonstrated that the intrinsic anisotropy
is sufficiently strong to switch the spin moment from an initial
(S;)==0,0<6 <1, toafinal (S;)F 1 for + helicity, which
is shown in Figure 4(b). The plots show the self-consistency
evolution of the local moment (S), = (1,1,0.01)/ V2 under the
influence of a 20 x4 molecule for positive (blue) and negative
(red) helicity. The corresponding spin-resolved charge distri-
butions for the molecules are shown in Figure 4(c,d), and spin-
polarization (m;) in Figure 4(e), demonstrating that the sym-
metry under the change of helicity is maintained also when
the molecule is coupled to an external spin moment.

In the experimental observations of spin reversal using chi-
ral molecules [40, 42], the magnetization of a magnetized fer-
romagnetic layer, saturated in an out-of-plane configuration,
was entirely switched. The simulations presented here, show
a weaker anisotropy associated with the magnetic properties
of the composite system. The plots in Figure 4(f) display re-
sults of systematic simulations, all indicating an upper bound
of ¢, in the initial spin moment (S)g = (cos¢,sing, +5)/ V2.
Despite this limitation of the presented theory, it, neverthe-
less, shows that molecular vibrations act in the composite sys-
tem as to generate strong magnetic anisotropies on externally
located spin moments.

In summary, it has been shown that molecular vibrations
in composite molecule-metal configurations is a mechanism
that breaks the spin symmetry of the molecule, in accordance
with experimental observations. While the vibrational source
of exchange is particularly effective at high temperatures, it is
non-negligible also at lower. It was, moreover, shown that this
mechanism provides an origin for enantiomer separation using
magnetic measurements. Temperature dependent anomalous
Hall measurements may provide evidence for the vibrationally
induced exchange.
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