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ABSTRACT
We demonstrate the possibility of a coupling between the magnetization direction of a ferromagnet and the tilting angle of adsorbed achiral
molecules. To illustrate the mechanism of the coupling, we analyze a minimal Stoner model that includes Rashba spin–orbit coupling due to
the electric field on the surface of the ferromagnet. The proposed mechanism allows us to study magnetic anisotropy of the system with an
extended Stoner–Wohlfarth model and argue that adsorbed achiral molecules can change magnetocrystalline anisotropy of the substrate. Our
research aims to motivate further experimental studies of the current-free chirality induced spin selectivity effect involving both enantiomers.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0165806

I. INTRODUCTION

Chirality induced spin selectivity (CISS) has become an
umbrella name for a number of seemingly related experimental
reports on the coupling between geometrical chirality and the spin
degree of freedom.1–4 Initially, the effect was discovered by ana-
lyzing photo-excited electrons after they pass through adsorbed
biological molecules5,6 and in currents of electrons through organic
chiral junctions.7 Later, the interplay between chirality and the
electron’s spin was observed in chemical reactions,8,9 in enantios-
elective adsorption on magnetic substrates,10–12 and even in fully
inorganic systems.13,14 By now, there is a great collection of experi-
mental set-ups and observables that demonstrate CISS. Despite this,
a detailed theoretical understanding of the CISS effect, much needed
for further development of the field, is still lacking.15,16

One problem in building theoretical models of CISS is that the
experimental platforms differ drastically from one another and are
traditionally studied using independent methods and approaches.
This does not rule out the possibility of a unifying mechanism
behind the CISS effect; it suggests, however, to study the existing
classes of experiments separately. From the theoretical standpoint, it
is natural to start by examining systems where the interplay between
spin and chirality is observed without applied currents;17–20 note
also relevant theoretical models in Refs. 21–23. First, these sys-
tems are usually easier to analyze, as they can be studied using

methods developed for steady states. Second, looking into these
systems might help to answer fundamental questions about the
CISS effect, particularly about the origin of time-reversal-breaking
correlations necessary for spin-selective phenomena. Indeed, sys-
tems in equilibrium have vanishing currents, eliminating the key
ingredient of many CISS-related theoretical models24–40 from the
picture. In the absence of currents, time reversal breaking may
occur, e.g., as a result of substrate magnetization41 or of non-unitary
effects (such as dephasing and dissipation) that are used in CISS
models.21,25,28,29,42

Arguably, the most puzzling observation of current-free CISS
experiments is the coupling between the direction of magnetization
in the substrate and the tilt of the organic molecules.17,19 Although
this observation is typically explained within the CISS framework,
in this contribution, we want to highlight the fact that the mag-
netization of the substrate, M, can, in principle, couple directly
to the polarization of the molecular layer, P, without the need to
involve chirality. For example, a phenomenological term in the form
β(P ⋅ M)2 can enter the energy functional since it is allowed by the
time-reversal symmetry of the problem. Here, the parameter β deter-
mines the strength of the effect. Some experimental results17,19 can
be explained by the term β(P ⋅ M)2 if β is negative so that the mag-
netization prefers to be parallel to the direction of P, see Fig. 1. For
example, this explains the larger tilting angle for samples with the
in-plane easy axis than for the out-of-plane easy axis17 and also the
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FIG. 1. Molecules adsorbed on a magnet modify surface electric fields, which,
in turn, can change magnetocrystalline anisotropy of the substrate. (a) and (b)
The preferred magnetization direction without (with) a molecular self-assembled
layer. The molecules are shown as dipoles, see (b). Spin-polarized electrons inside
the substrate are presented as balls with arrows. Their direction determines the
direction of magnetization, M.

correlation between the direction of the magnetization and the tilt
angle of the molecular layer.19

As we shall illustrate in this paper, β(P ⋅ M)2 is not the only
term allowed by symmetries, and a case-by-case study is probably
needed to establish accurate phenomenological models for every sys-
tem of interest. For example, on the surface of a metal, only the
normal component of the electric field should play a role so that
the terms of the form β(P ⋅ n)2(M ⋅ n)2 become relevant, where
n is the vector normal to the surface. In any case, the very possibil-
ity of a chirality-independent coupling between the magnetization
direction and a tilting angle must motivate current-free experimen-
tal studies of the CISS effect involving both enantiomers. This might
be especially important in light of the observation that, for certain
substrates, the effect of chirality on the strength of the coercive field
might be a next-to-leading-order effect.18

II. MAGNETO-ELECTRIC COUPLING
The key message of our study is that the electric field at the

interface between a ferromagnet and a molecular layer can cou-
ple to the vector M, see Fig. 1. This hypothesis falls into the realm
of magneto-electric coupling (MEC) effects in a broad sense.43

Many properties of MEC are well-established; therefore, we find it
appropriate to review them here only briefly.

It is expected that the interface MEC is very sensitive to
the electronic and atomic structure of constituents,44,45 particularly
because reactive metal surfaces of ferromagnetic materials may lead
to formation of chemical bonds between the molecules and the
substrate.46 Therefore, a microscopic first-principle calculation is
required for every experimental set-up to accurately determine the
resulting MEC. Here, we do not attempt such a calculation, as our
goal is to provide a basic intuition for phenomenological terms that
can couple the directions of P and M. In particular, we illustrate
the effect using a toy model that explains a physical mechanism of
coupling and symmetries of the problem.

The mechanism connecting electric and magnetic effects in
our case is Rashba spin–orbit coupling (SOC), which is known to
be important at surfaces and interfaces.47 Before introducing the
toy model in Sec. III, we note that there are a number of other
effects that can lead to the interplay between the magnetization of
the surface and adsorbed molecules. For example, the adsorption of
molecules can increase the strength of the magnetic exchange inter-
action on the surface48 and even invert the magnetic anisotropy of
thin films under certain conditions.49 These “magnetic hardening”
effects rely on chemical bonding between molecular adsorbates and
the substrate and cannot directly explain the experiments where
the ferromagnet is coated with gold.19 Screening charge on the sur-
face of a ferromagnetic metal can also modify magnetization of the
surface.44,50 However, in this effect, the direction of M is not impor-
tant, and therefore, it cannot directly explain the experimental data
taken for different directions of magnetization.17 Finally, we note
that density-functional theory calculations on isolated ferromag-
netic films indicate that external electric fields can be used to change
the magnetization between in-plane and out-of-plane orientations.51

This observation is in line with our phenomenological results, see
below.

III. ELECTROSTATICS OF THE MOLECULAR LAYER
Formulation. The simplest approach to static properties of

electrons at interfaces is based on electrostatics.52,53 In this approach,
the main effect of the organic layer is in the change of the electric
field across the interface. For simplicity, we assume that the electric
field on the substrate is determined completely by the molecules.
Furthermore, as we are interested in surface effects, we restrict the
motion of electrons to the xy plane. With these assumptions, we
write the following Stoner model (cf. Ref. 54):

Ĥtot = εkI2 +P I ⋅ σ + ĤSOC, (1)

where I2 is the 2 × 2 unity matrix, and εk is a dispersion relation
without SOC and Stoner terms. For simplicity, we assume that εk is
independent of spin. P I ⋅ σ is the Stoner term, which we introduce
to account for a ferromagnetic nature of the substrate; here, σ is the
spin operator, I = ∣I∣ is the Stoner parameter, and P is the polar-
ization of the substrate, see below. If ĤSOC is vanishing, then the
direction of I defines the direction of magnetization, and a natural
quantization axis for the spin with projections: ↑I and ↓I . The corre-
sponding electronic densities are n↑I = N↑I /S and n↓I = N↓I /S, where
N↑I/↓I

is the number of particles and S is the surface area. The cor-
responding polarization of the substrate reads P = (n↑I − n↓I)/(n↑I

+ n↓I). Without loss of generality, we assume that I = Ixex + Izez
(thus, Iy = 0).
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The last term in Eq. (1) describes a Rashba-like spin–orbit
coupling55–57

ĤSOC = αRσ ⋅ (E × p̂), (2)

which couples the electric field to electron’s spin, providing the basis
for MEC. αR is a constant that determines the strength of SOC; E is
a homogeneous (at least in first approximation) electric field, origi-
nating from the charge re-organization concurrent to the chemical
absorption process for the molecular monolayer.

Since the substrate is metallic, the electric field has to be per-
pendicular to its surface, E = Ezez . We assume that the component
Ez is proportional to Pz = P cos(θP), and its amplitude is, therefore,
determined by the tilt angle of the molecular layer, θP, see Fig. 6 in
the Appendix. The assumption Ez ∼ Pz is not essential and is used
only to simplify the discussion. It is only important that by tilting
the angle of the molecules, the value of Ez changes. In general, the
direction of I is not perpendicular to the surface, and our goal here
is to investigate the energy as a function of Ez and the direction
of I.

For the sake of completeness, it is worth remarking that one
must exercise care when working with Eq. (2) since hermiticity
of the resulting Hamiltonian is not guaranteed for at least a cou-
ple of relevant situations. The first scenario, now well understood
in solid-state physics, involves the dimensional reduction, occur-
ring when, for instance, a strong potential confines electrons on an
effective one-dimensional ring (see Refs. 58 and 59 for an extensive
discussion about this issue). Second, note that spin–orbit coupling
is an inherently relativistic effect as its derivation might be based
upon the Dirac theory.60 The lowest order relativistic corrections
to the Hamiltonian are given61–64 by Eq. (2) and one more term,
interpreted as the coupling between the angular momentum of a
radiation field and the magnetic moment of the electron. For our
purpose, Eq. (2) is accurate because the electric field is assumed to
be time- and position-independent and the relativistic corrections
to the eigenstates are neglected.

Eigenstates of the Hamiltonian. To elucidate the interplay
between I and the Rashba SOC, we calculate the spectrum of Ĥtot
from Eq. (1). To this end, we work in the momentum representation,
where the total Hamiltonian is cast in the form

Ĥtot = εkI2 −P Izσz − αREzσykx + σx(αREzky −P Ix). (3)

Note that the Pauli matrices anticommute with each other, and
therefore, we can easily calculate the spectrum by considering
(Ĥ tot − εk I2)2. We derive

Eks = εk − s
√

α2
RE2

z k2
x +PI2

z + (αREzky −PIx)2, (4)

where s = ±1 labels the spin manifold.
In Fig. 2, we plot the energy spectrum bands as provided by the

equation above for εk = k2/2 (here, h ≡ m ≡ 1). As a matter of con-
vention, the lower bands have been labeled E+(k). By construction,
the Stoner term introduces a gap between the s = ±1 bands, while the
Rashba SOC [cf. Eq. (2)] shifts the band minima.

Total energy of the system. The total energy of the system is
obtained by summing over the lowest N↑I +N↓I states ∣ks⟩, namely,

E(tot) =∑Eks, (5)

FIG. 2. Energy spectrum of the Hamiltonian Ĥtot as given by Eq. (4). The energy
is plotted for kx = ky ≡ k. The parameter 1/

√

n is used as a unit of length (n is
the density of electrons in the substrate). (a) The spectrum without the electric
field; the parameters are P Iz = 0.25, P Ix = 0, and Ez = 0. (b) The spectrum
for a non-vanishing electric field; the parameters are P Iz = 0.25, P Ix = 0, and
αREz = 0.8 (with the convention h ≡ m ≡ n ≡ 1).

where the sum is most easily calculated in the continuum limit:
∑k → S

(2π)2 ∫ d2k.
To illustrate this energy, we assume that the energy scale

associated with SOC is significantly smaller than all other energy
scales, i.e., Ez → 0. With this assumption, we write the energy up to
E2

z -terms as

Eks ≃ εk − s(PI − αREzky sin(θI) +
α2

RE2
z k2

2PI
− α2

RE2
z k2

y sin2(θI)
2PI

),

(6)
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FIG. 3. The geometry of the extended Stoner–Wohlfarth model. The angles are
measured with respect to the normal to the substrate, n. The figure shows the
directions of magnetization, M; external magnetic field, H; easy axis, e; also shown
is the tilting angle of the dipoles, θP . The direction of an arrow below each angle
determines the sign of the angle, e.g., in our convention ϕM is negative, whereas
ϕH is positive.

where sin(θI) = Ix/I. To demonstrate that the change in the energy
due to the presence of the organic layer,

ΔE = E(tot)(Ez) − E(tot)(Ez = 0), (7)

can depend on the angle θI , we assume that P = 1 and I →∞, i.e.,
we work with a strong ferromagnet. In this case, only the first line in
Eq. (6) is relevant because there is a high energy price for flipping a
spin of an electron. We derive

1
S

ΔE
EF
≃ −sin2(θI)

m2α2
RE2

z

4π
, (8)

where EF is the Fermi energy of the “spin-up” particles. The depen-
dence of ΔE/EF on θI shows that the system prefers to have in-plane
magnetization. Note that Eq. (8) contradicts the sketch in Fig. 3.
However, this is not a point of concern for two reasons. First, our
goal here is to illustrate general principles of coupling, and the
overall sign of the derived term may change if other toy models
are considered. Second, the surface electric field Ez exists in real
materials even without the molecules. Therefore, the following rep-
resentation of Ez might be more accurate: Ez ≃ E0

z + cos (θP)E1
z . If E0

z
and E1

z have different signs and ∣E0
z ∣≫ ∣E1

z ∣, the situation in Fig. 3 is
restored. The most important conclusion of this section is that the
strength of the effect presented in Eq. (8) is determined by the tilt
angle of the molecules via Ez .

IV. EXTENDED STONER–WOHLFARTH MODEL
The discussion in Sec. III provides a basis for study-

ing magneto-electric coupling between organic molecules and
the ferromagnetic substrate. With it, we can extend the simple
Stoner–Wohlfarth model65,66 and understand the effect of the
molecules on magnetic hysteresis and the interplay between
the molecular tilting angle and the direction of M. Assuming that
the ferromagnet has an uniaxial magnetic anisotropy, we write the
energy, E , as

E

KuV
= sin2(ϕM − ϕe) −

μ0MsH
Ku

cos (ϕM − ϕH)

− α cos2(θP)
Kud

sin2(ϕM), (9)

where the first line is the standard Stoner–Wohlfarth model, and the
second line is our extension. Here, V is the three-dimensional vol-
ume of the ferromagnet, Ku is the anisotropy parameter, Ms is the
saturation magnetization, H is the magnitude of an external mag-
netic field, and μ0 is the vacuum permeability. The last term in Eq. (9)
is derived in Eq. (8). It introduces magnetic anisotropy due to the
presence of organic molecules. Its strength is determined by

α = EFα2
RE2

z m2

4π cos2(θP)
, (10)

where the parameter d is the thickness of the ferromagnet. In what
follows, we shall treat the amplitude and the sign of α as free
parameters and estimate “realistic” values of ∣α∣ only at the end
of this section. Finally, we note that we associate the angle of the
magnetization with that of I, i.e., ϕM = θI .

The geometry of the system is presented in Fig. 3. We measure
all angles with respect to the normal to the surface. ϕM , ϕH , and
ϕe define the angles of the magnetization, external magnetic field,
and the easy axis, respectively. We assume that H, e, n, and M all lie
in one plane. This assumption does not change the qualitative nature
of our discussion.

Without an external magnetic field. First, we consider the
system without an external field (H = 0),

E

V Ku
= sin2(ϕM − ϕe) −

α cos2(θP)
Kud

sin2(ϕM). (11)

For ϕe = lπ/2 (l is any integer), the minimum of the energy is for
either the in-plane or out-of-plane direction of M. For example, for
ϕe = 0, we have

E

KuV
= sin2(ϕM)(1 − γ). (12)

The defining dimensionless parameter here is

γ = α cos2(θP)
Kud

. (13)

Note that by changing the tilt of the molecules, we can change the
direction of the easy axis of the magnet, assuming that α/(Kud) > 1,
see Fig. 4.

For general values of ϕe, the equilibrium is reached when the
derivative of the energy with respect to the magnetization direction
is zero, ∂E /∂ϕM = 0, so that

sin (2ϕM − 2ϕe) − γ sin (2ϕM) = 0. (14)

We see that the direction of the equilibrium direction of magneti-
zation changes, which can explain the experimental observation in
Ref. 19. For example, for α→ 0 (γ→ 0), we can write

ϕM ≃ ϕe + γ sin (2ϕe). (15)

For general values of γ, we solve the equation numerically, see Fig. 4.
Note that the effect of small values of γ is the most pronounced for
ϕe ≃ π/4.

With an external magnetic field. The extended
Stoner–Wohlfarth model provides insight into the modification of
the coercive field caused by the adsorbed molecules.18 To illustrate
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FIG. 4. Preferred direction of magnetization determined by ϕM as a function of
the angle of the easy axis, ϕe. Different curves illustrate different values of the
parameter γ from Eq. (13).

this, let us assume an out-of-plane easy axis, ϕe = 0, and that the
magnetic field is also perpendicular to the surface ϕH = 0. In this
case, the organic molecular layer simply changes the value of the
anisotropy parameter in the standard Stoner–Wohlfarth model, i.e.,
Ku → Ku(α) where

Ku(α) = Ku(α = 0) − α cos2(θP)
d

. (16)

The change of Ku affects the magnetic hysteresis, particularly
the switching field (recall that ϕe = ϕH = 0),

Hs(α) =
2Ku(α)

μ0Ms
. (17)

The relative strength of the effect of the adsorbed molecules on the
switching field is [see Fig. 5(a)]

Hs(α)
Hs(0)

= 1 − α cos2(θP)
dKu(α = 0) . (18)

For general values of ϕe, the Stoner–Wohlfarth model is not exactly
solvable. Our numerical calculations show that the effect of the para-
meter γ = α cos2(θP)/(dKu(α = 0)) is qualitatively similar to the
case of ϕe = 0, see Fig. 5(b).

Using Eq. (18) and the experimental data,18 we can have
an-order-of-magnitude estimate for the value of α, which is oth-
erwise difficult to calculate because the strength of the SOC effect
strongly depends on the electric field, whose accurate value is
unknown.

The substrate of thickness d ≃ 0.7 nm is made of iron for
which67 Ku ≃ 3 × 10−4 eV/nm3. Since the change in the coercive field
can be about 10% (so that γ ≃ 0.1), we estimate α ≃ 2 × 10−5 eV/nm2.
Here, we have assumed that the molecules are perpendicular to
the surface, θP = 0. Using the value of α and the Fermi energy,
EF ∼ 11 eV, we can also estimate the strength of the Rashba SOC:

FIG. 5. Hysteresis loop in the ferromagnet, where MH = (ϕM − ϕH) is the magne-
tization projection on the magnetic field vector and h = μ0MsH/2Ku. (a) Hysteresis
for ϕH = 0 and different values of the parameter γ. (b) Same for ϕH = π/4.

αREz ∼ 10−4 eV× nm—a relatively small value.57 Note that if there
is an electric field present without the molecules, i.e., Ez ≃ E0

z

+ cos (θP)E1
z , then we actually estimate αR

√
E0

z E1
z in this way.

V. CONCLUSIONS AND OUTLOOK
We have argued that the change of the surface electric field

caused by adsorbed molecules can affect the magnetocrystalline
anisotropy of a ferromagnetic metallic substrate even if molecules
are achiral. To illustrate this claim, we have formulated a toy model
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in which the molecules change the surface electric field, which is
coupled to magnetization via a Rashba-like SOC. The strength of
coupling is given by the properties of the substrate, and there-
fore, no effect should be present for substrates with weak SOC (cf.
Refs. 27, 38, and 68).

Using the results of the toy model, we have introduced an
extension of the Stoner–Wohlfarth framework and calculated the
effect of the molecules on the preferred direction of magnetiza-
tion. In particular, we have shown that the effect of the molecules
(for small values of γ) can be enhanced by working with a fer-
romagnet whose easy axis has ϕe ≃ π/4, motivating experiments
with such materials. Finally, we have illustrated the effect of the
molecules on the magnetic hysteresis and estimated phenomeno-
logical parameters using available experimental data. Our findings
show that isolating the effect of molecular chirality by changing the
magnetization of the surface is a daunting task, thus motivating fur-
ther experimental research of chirality induced spin selectivity in
current-free set-ups to use both enantiomers.

Let us conclude by making a few remarks. First, note that
according to our results, the direction of magnetization couples
to the dipolar moment of both chiral and achiral molecules, and
therefore, our results cannot unravel the microscopic origin of the
CISS effect. Second, our work does not intend to discard the role
of chirality in CISS experiments that explore the realignment of
magnetization upon the adsorption of a chiral monolayer.69 On the
contrary, our work aims to motivate further theoretical studies that
must contrast and compare the roles of structural chirality and a
magneto-electric coupling driven by interface SOC. For instance,
the term β(P ⋅ n)2(M ⋅ n)2 suggests that M can be either paral-
lel or anti-parallel to n. In other words, these two directions are
energetically degenerate. Chirality then might be a key ingredient
to break this degeneracy during the adsorption process leading to
the results reported in Ref. 69. The symmetry-breaking mechanism
can be based upon an observation that the helical structure of the
molecule is coupled to the angular momentum degree of freedom
of the electron.27,38,68 One can speculate that this coupling in the
presence of interface SOC can provide an energy barrier during
molecular adsorption that depends on chirality and the direction of
magnetization and, hence, can potentially drive the system into only
one of the available energy minima, i.e., with M either parallel or
antiparallel to n depending on chirality.

Although the above-mentioned frameworks38,68 deal with time-
dependent setups, they might pave the way for a natural extension
of our model. Indeed, if we assume that the role of chirality is to
filter the orbital angular momentum, then we can implement this
filtering in SOC. Another possible extension of our work is to take
into account a helical structure of the molecule, which adds to the
electric field E some additional spatial chirality. To this end, one
should study more general forms of the electric field, e.g., Ez = E0

z
+ E1

z cos (θP) + ⋅ ⋅ ⋅ , including the terms independent of the tilting
angle. Such terms can noticeably modify the overall dependence of
observables on θP. Furthermore, if we consider higher order electric
multipoles, it should be possible to also study the effect of chirality.
Finally, it is worth investigating the role of the electric field gener-
ated by the molecules on the CISS effect with currents, and the effect
of other, particularly non-linear, types of SOC that can be present in
the substrate.
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APPENDIX: ELECTRIC FIELD OF A SINGLE DIPOLE

Here, we discuss the electric field on the surface of a metal
created by a single dipole. The geometry is shown in Fig. 6. The
corresponding electric field is (in cgs units)

Ez =
2qz1

r3
1
− 2qz2

r3
2

, (A1)

where zi is the position of the charge above the ferromagnet, and
ri is the distance from the charge to the point on the surface,
see Fig. 6. For simplicity, we assume a point dipole, d, so that
q(z1 − z2) = dz , and Ez = 2dz/r3

1 . This expression shows that the
electric field that enters our calculations indeed depends on the
direction of the dipoles.

We note that the realistic electric field generated by the
molecules is unlikely to be that of a point dipole. It is also not homo-
geneous, particularly because the molecules are extended entities.
However, the qualitative properties of our main findings should be
insensitive to these assumptions.
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FIG. 6. Electric field lines (the curves at Z > 0) created by two charges (repre-
sented by the two balls at Z > 0) above a metallic surface (the thick line at Z = 0).
The normal to the surface is along the Z-axis. The two charges placed at Z < 0 are
auxiliary mirror charges. The lines at Z < 0 do not represent the physical electric
field and are shown only for illustrative purposes.
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