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Chapter 2

A symmetry perspective of chirality, spin, and
CISS

S
ymmetry is of paramount importance for understanding nature. It is particularly help-
ful in determining whether a physical phenomenon can exist in a specific material, and
whether it can be experimentally detected. Therefore, it would not be proper to attempt to
answer the two core questions about CISS (see Chapter 1) without first understanding the
fundamental restrictions imposed by symmetry. In this chapter, I will relate chirality and
spin to the fundamental symmetries of space and time, and explain how they give rise to
certain physical phenomena. From this perspective, I examine experimental observations
of CISS and outline further questions that need to be addressed in future researches.
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2.1 Symmetry and chirality

The concept of symmetry is carried out by symmetry operations. It is an action applied
to an object which leaves the object appearing unchanged. The operation can be
a physical action, such as a translational or rotational motion, or a mathematical
transformation, such as a space-inversion or time-reversal operation. Likewise, the
object can be a concrete body, such as a molecule or a crystal, or an abstract concept,
such as a Hamiltonian or an arbitrarily defined quantity.

2.1.1 Molecular symmetry operations

We illustrate the concepts about symmetry using a simple ball-and-stick model of a
tetrahedral molecule, as shown in Fig. 2.1a. Here, a 120◦ rotation about the vertical
axis leaves the molecule indistinguishable from the state prior to the rotation. This
rotation is therefore a symmetry operation of the molecule. The rotational axis, in this
case, is the corresponding symmetry element. Also, this molecule is indistinguishable
to itself (symmetric) under a mirror reflection (symmetry operation) with respect
to a mirror plane (symmetry element) that contains the vertical axis and one of the
off-axis atoms.

It is generally considered that there are five types of molecular symmetry opera-
tions: identity (Ê), proper rotation (Ĉn), reflection (σ̂), inversion (̂i), and improper rotation
(Ŝn) [1], and their definitions are summarized in Table 2.1.

Table 2.1: Molecular symmetry operations

Symmetry operation symmetry element definition

Ê identity the object itself doing nothing
Ĉn n-fold proper rotation an axis of symmetry rotating the object by 2π/n around the axis a

σ̂ reflection a mirror plane reflecting the object with respect to the plane b

î inversion a center of symmetry inverting the object with respect to the center
Ŝn n-fold improper rotation a rotatory reflection axis an n-fold proper rotation followed by a reflection c

a For an object with multiple rotational axes, the one with largest value n is called the principal axis of symmetry.
b When the mirror plane contains the principal axis of symmetry, it is vertical, and the symmetry operation is denoted
σ̂v . A horizontal plane is perpendicular to the principal axis and is denoted σ̂h.

c The reflection mirror plane is perpendicular to the rotational axis.

When a molecule is not symmetric under any improper rotation Ŝn, it is chiral.
Note that because Ŝ1 ≡ σ̂ and Ŝ2 ≡ î, a chiral molecule also does not have reflection
or inversion symmetries (Fig. 2.1b).

These molecule-based symmetry operations can be extended to solid-state crys-
tals, although a thorough analysis must also include translational symmetry opera-
tions. For a certain molecule or crystal, its set of symmetry operations form a sym-
metry group, as introduced in Appendix A.
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Figure 2.1: Symmetry and chirality for stationary (a, b, c) and moving (d, e) objects. a. A
tetrahedral molecule (e.g. methane) is transformed to itself by a Ĉ3 rotational symmetry oper-
ation (axis indicated by the dash-dot line). It also has σ̂v symmetry, for example, with respect
to a plane defined by the rotational axis and one of the off-axis atoms. b. When the four
outer atoms all differ from one another, the tetrahedral molecule is chiral. A mirror reflection
(with respect to the dashed line) transforms the molecule to its opposite enantiomer. Each
enantiomer alone contains only the trivial identity symmetry operation. c. A helix is chiral,
it transforms to opposite handedness by improper rotations (including reflection and inver-
sion), but not by proper rotations. Each helix alone is symmetric under Ĉ2 proper rotations
(rotational axes in the plane perpendicular to the helical screw axis). d. A spinning top has
two enantiomeric forms of rotation (clockwise vs. counter-clockwise) that are interconverted
by space-inversion, as well as by time-reversal plus a proper rotation Ĉ2. This rotational mo-
tion is therefore not truly chiral. e. A spinning top that is moving along its spinning axis is
truly chiral, because the two enantiomeric forms of motion (spin parallel to linear momentum
vs. antiparallel) are interconverted only by space-inversion but not by time-reversal plus any
proper rotations.
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2.1.2 Fundamental symmetries of space and time

Time-reversal symmetry

The molecular and crystal symmetries only address the stationary constitutions of
atoms, but do not consider motion. However, it is the dynamical movements of
elementary particles, like electrons or photons, that evoke observable physical phe-
nomena.

In order to describe the symmetry of these time-dependent processes, an addi-
tional symmetry operation of time-reversal (T̂ ) is introduced. It manifests as the rever-
sal of all microscopic motion. A system is called time-reversal symmetric (invariant)
if it appears unchanged under this operation [2].

Together with charge-conjugation (Ĉ, sign change of electric charge) and space-
inversion (P̂ , reversing the handedness of the space coordinate system), time-reversal
(T̂ ) is one of the most fundamental symmetry operations that has roots in how we
describe nature. This is detailed in Appendix B.

Space and time symmetries of physical quantities

Space-inversion P̂ and time-reversal T̂ are of direct relevance to solid-state physics.
Understanding their implications on common physical quantities greatly help un-
derstand phenomena related to chirality and spin in electronic devices.

The P̂ and T̂ operations characterize physical quantities as odd and even. Vec-
tors that are P̂ -odd change sign under space-inversion, and are called polar vectors.
In contrast, P̂ -even vectors retain their sign under P̂ , and are called axial vectors (or
pseudovectors). For example, spatial position r and linear momentum p both change
sign under P̂ , and are thus both polar, whereas their cross product, angular momen-
tum L = r × p, retains sign and is thereby axial. Unlike vectors, scalars are usually
defined without the sense of direction, and are therefore P̂ -even. However, a scalar
product of a polar and an axial vector is P̂ -odd, and is called a pseudoscalar. An ex-
ample of a pseudoscalar is helicity (H = S · p/|p|), which is the projection of (spin)
angular momentum S (axial) onto the direction of linear momentum p (polar).

Similarly, T̂ distinguishes physical quantities into time-odd and time-even. Quan-
tities that are time-odd involve motion. For instance, magnetic field B and magne-
tization M are defined by dynamical processes (charge current and electronic spin,
respectively), and are thus both T̂ -odd. In comparison, the electric field E is T̂ -even,
because it is defined by a stationary spatial displacement of electric charges. A sum-
mary of common physical quantities and their symmetries under P̂ and T̂ is given
in Table 2.2.

The inclusion of time symmetry and its relevance to magnetism allows us to ex-
tend the symmetry classifications of solid-state materials to time-reversal space groups,
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Table 2.2: Symmetry of physical quantities under P̂ and T̂ operations

Physical quantity symmetry under P̂ symmetry under T̂

r position odd even
t time even odd
p linear momentum odd odd
k wavevector odd odd
F force odd even

L, S angular momenta even odd
E electric field odd even
B magnetic field even odd
P electric polarization odd even
M magnetization even odd
H helicity odd even

which are introduced in Appendix A.

2.1.3 True chirality

The concept of true chirality was introduced by Barron to define physical quantities
that exhibit the same symmetry properties as chiral enantiomers [3–7], and it is based
on the fundamental symmetries of space and time:

“True chirality is exhibited by systems that exist in two distinct enantiomeric states that
are interconverted by space-inversion, but not by time-reversal combined with any proper
spatial rotation.” (Quoted from Ref.6)

Truly chiral systems can distinguish and may even separate opposite chiral enan-
tiomers close to thermodynamic equilibrium, and are therefore important for stere-
ochemistry applications. We illustrate this concept with a few examples.

First, we compare the motion of electrons in two distinct systems: a conducting
wire winded into a solenoid, and a collinear alignment of an electric and a magnetic
field (both fields are static and uniform). In both systems, electrons can trace a helical
path, and the helix can be of either handedness. However, only the helical wire is
truly chiral, because its shape, as a stationary geometry, is converted to the opposite
handedness by space-inversion but not by time-reversal; whereas the helical motion
of electrons in the collinear fields is converted to opposite handedness by both space-
inversion and time-reversal (see Table 2.2). In fact, the unawareness of this true
chirality consideration has led to numerous failed attempts to separate enantiomers
using collinear electric and magnetic fields [6, 8–10].
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Another example is the spinning top considered by Barron, see Figure 2.1d-e.
It shows that a spinning motion is not truly chiral although it can be in either left-
handed or right-handed form, because the two forms are interconverted by both
space-inversion and time-reversal (plus a proper rotation). However, a spinning
motion combined with a linear motion is truly chiral. The two enantiomeric forms
are the parallel and antiparallel alignments of the linear and angular momentum
vectors. These two alignments are interconverted only by space-inversion but not
time-reversal (plus any proper rotations). The chirality of this combined motion is
described by the aforementioned pseudoscalar, helicity H, which is odd under space-
inversion and even under time-reversal.

The latter example can be generalized to the statement that any pseudoscalar
that is time-even is truly chiral. As a result, any collinear alignment of a polar and an
axial vector, either both time-even or both time-odd, is truly chiral, and the two enan-
tiomeric forms are the parallel and antiparallel alignments of the two vectors [6, 11].

2.2 Spin-related symmetry implications

The heart of spintronics is the spin-dependent electronic property of (solid-state)
materials. These properties are quantum mechanical by nature, but can be described
semi-classically using the theories of solid-state physics [12]. The core of this is the
band theory, which describes the collective energy and momentum distribution of
electrons in a solid using energy bands in reciprocal space. The spin degree-of-freedom
is incorporated by accounting for the spin-orbit coupling (SOC). Also, symmetry op-
erations can be applied to an energy band as mathematical operators. These are
introduced in Appendix C.

2.2.1 The Kramers degeneracy theorem

Before discussing spintronic effects using the semi-classical picture provided by solid-
state physics, we must emphasize again that spin is purely a quantum mechanical
concept without any classical analogue. It has a fundamental link with time-reversal
symmetry.

As described in Eqn. 2.13, the preservation of time-reversal symmetry manifests
as the commutation of the (anti-unitary) operator T̂ with the Hamiltonian H . Under
this condition, if ψ is an eigenstate of H , T̂ψ is also an eigenstate with the same
energy eigenvalue. Further, as pointed out by Kramers [13], if the system has half-
integer total spin (e.g. odd-number of electrons), ψ and T̂ψ are orthogonal, and
therefore the system has at least a two-fold (spin) degeneracy. This is known as the
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Kramers degeneracy theorem.
At thermodynamic equilibrium, the Kramers degeneracy theorem means that

there cannot be a net spin polarization without breaking the time-reversal symme-
try [14].

The Kramers degeneracy also extends to electron scattering. Bardarson proved
that in a generic scattering event where an incoming electron can either be trans-
mitted or reflected, the transmission eigenvalues are also spin-degenerate [15]. As
a result, a spin-up and a spin-down electron (of equal energy) must have the same
probability to transmit through a two-terminal phase-coherent system (conductor).
This Kramers transmission degeneracy implies that a phase-coherent electron transport
system cannot be used as a spin filter. For example, a 2D topological insulator has
spin-polarized conductive edge channels, but it cannot generate a spin-polarized
charge current, because the channels on its opposite edges carry opposite spins [16].

2.2.2 Symmetry restrictions on electronic energy band

The fundamental space and time symmetries impose restrictions on energy band
of a generic electronic system. We consider here the symmetry constraints on two
physical quantities that are important to charge and spin transport: the band energy
εn(k,S) (here subscript n denotes the n-th energy band, k is momentum, and S is
spin), and the momentum-space Berry curvature Ωn(k).

(a) If a crystal is symmetric under space-inversion, its energy dispersion must
obey εn(k,S) = εn(−k,S), and its Berry curvature must obey Ωn(k) = Ωn(−k).
In other words, both the (spin-specific) band energy and the Berry curvature
are even functions of wavevector k.

(b) If the system is invariant under time-reversal, i.e. there is no magnetic field or
magnetization, the energy dispersion must obey εn(k,S) = εn(−k,−S), and
for the Berry curvature Ωn(k) = −Ωn(−k). This means that the band energy is
symmetric under the simultaneous reversal of momentum and spin, and that
the Berry curvature is an odd function of momentum.

(c) If space-inversion and time-reversal are both preserved, the above require-
ments imply εn(k,S) = εn(k,−S), and Ωn(k) = 0. Therefore, there is a two-
fold spin degeneracy and a vanishing Berry curvature for any momentum k.

2.2.3 Spin–charge conversion by symmetry breaking

The above restrictions suggest that breaking certain symmetries can give rise to
physical properties that are otherwise absent. Fig. 2.2a illustrates an energy band
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under space-inversion and time-reversal symmetric conditions. Here the band is an
exact overlap of two spin subbands due to the symmetry-required spin-degeneracy
for all k values. This degeneracy can be lifted by breaking either the time-reversal or
the space-inversion symmetry.

Time-reversal symmetry can be broken by applying an external magnetic field
B, which interacts with the magnetic dipole moment µS of electrons with an inter-
action energy HB = −µS ·B. This allows to distinguish and separate opposite spin
states energetically, as illustrated by the vertical splitting of the two spin subbands
in Fig. 2.2b. This is known as the Zeeman splitting.

The breaking of space-inversion symmetry is associated with the (crystal) struc-
ture of an electronic system. It can take place at surfaces or interfaces, be induced by
defects or strain, or be intrinsic to a bulk inversion-asymmetric crystal [17]. This sym-
metry breaking manifests as a horizontal splitting of the spin subbands in wavevec-
tor space due to SOC, as illustrated in Fig. 2.2c. At the Fermi surface, the spin orien-
tations of the conduction electrons are locked to the wavevector k, and this depen-
dence is called a spin texture.

Spin texture bridges electronic spin and momentum, and thereby gives rise to
spin-dependent electron transport. However, generating an observable spin imbal-
ance still requires to either break the time-reversal symmetry, or to bring the system
out of equilibrium, which can be done by a charge current. On one hand, a charge
current can induce a nonequilibrium occupation of momentum states, which gener-
ates a net spin imbalance [18]. On the other hand, a net spin imbalance can generate
a net momentum imbalance, which results in a charge current [19]. These are known
as the (inverse) Edelstein effect, and are introduced in Appendix D.

In Fig. 2.2d-f we show three typical types of spin textures. For convenience, we
also refer to each spin texture as a type of SOC.

The first is the Rashba SOC. It arises at surfaces and interfaces, and is caused by
an interfacial electric field E = Eẑ. It produces a winding spin texture where spins
are always locked orthogonally to the momentum [20], as illustrated in Fig. 2.2d. It
is a commonly observed type of spin texture since most electrical measurements are
performed on sample surfaces [21–25].

The second is the Dresselhaus SOC. It stems from the lack of inversion symmetry
in the bulk due to crystal structure, defects, or strain. An example spin texture is
shown in Fig. 2.2e [26]. The combination of Rashba and Dresselhaus SOC can lead
to more complicated spin textures, for example, one that all spins are aligned in the
x = y direction [22, 27–29].

The third type is the chiral-Weyl SOC. It has a radial spin texture where spins are
always aligned parallel to the momentum, as illustrated in Fig. 2.2f. This hedgehog-
style spin texture can appear in some chiral crystals or Weyl semimetals [30–34].
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Figure 2.2: Energy band splitting and spin textures induced by symmetry breaking. a. A
generic energy band under time-reversal and space-inversion symmetric conditions. At each
wavevector kx there exists a two-fold spin degeneracy, and at each energy ε, there is a four-
fold degeneracy involving two opposite wavevectors and the two opposite spins. b. Breaking
time-reversal symmetry using an out-of-plane magnetic field B gives rise to Zeeman splitting.
The two vertically shifted spin subbands are colored red and blue respectively. c. Breaking
space-inversion symmetry gives rise to horizontal subband splitting. At each wavevector
the opposite spin states no longer have the same energy, and at each energy ε, the four-fold
degeneracy is split in k. At the Fermi surface, as indicated by the line cut, the momentum-
dependent spin orientations form a spin texture. d-f. Three types of two-dimensional spin
textures, known as the Rashba type, the Dresselhaus type, and the chiral-Weyl type, respec-
tively.

Examples of these crystals include trigonal tellurium and selenium [35, 36]. Note
that here we only consider solid-state materials where an energy band picture is
suited. Whether this spin texture can be generalized to chiral molecules or molecular
assemblies remains to be investigated.
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suited. Whether this spin texture can be generalized to chiral molecules or molecular
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2.2.4 The Onsager reciprocity

We have described the time-reversal symmetry as the microscopic reversibility: it re-
verses all microscopic motion and leaves the system appearing unchanged. How-
ever, macroscopic processes are generally governed by thermodynamics rather than
equations of motion of microscopic particles, and are therefore irreversible. Inter-
estingly, as discovered by Onsager, even irreversible processes are subject to con-
straints imposed by time-reversal symmetry. He proved that correlated macroscopic
thermodynamic processes show certain symmetries in their linear response tensors,
provided that the system is at the vicinity of thermodynamic equilibrium [37, 38].
This is later celebrated as the Onsager reciprocity.

It should be noted at first that the Onsager relations consider systems that un-
dergo a small perturbation around the thermodynamic equilibrium, in a way that
the response to the perturbation (for returning to equilibrium) is approximately lin-
early proportional to the perturbation itself. This is generally referred to as the linear
response regime, and is where most solid-state electrical measurements are performed.
A safe estimate for the range of the linear response regime is that the perturbation
to the single-particle energy is within kBT , where kB is the Boltzmann constant and
T is temperature [39]. We emphasize that while a perturbation within this range can
definitely be considered linear, one outside this range may nevertheless still remain
linear.

We illustrate the Onsager reciprocity using the three-dimensional coupled charge
and heat transport in solids. The coupled transport equations are [40]

j = S(1)(H,M)(E +
1

e
∇µ) + S(2)(H,M)

1

T
∇T, (2.1)

Q = −S(3)(H,M)(E +
1

e
∇µ)− S(4)(H,M)

1

T
∇T, (2.2)

where j is charge current density, Q is heat flux density, E is electric field, µ is the
electrochemical potential of the system, e is elemental charge (positive value), and
S(n) are linear response tensors that are dependent on magnetic field H and magne-
tization M .

The Onsager reciprocity then requires [40]

S
(1)
ij (H,M) = S

(1)
ji (−H,−M), (2.3)

S
(2)
ij (H,M) = S

(3)
ji (−H,−M), (2.4)

S
(4)
ij (H,M) = S

(4)
ji (−H,−M). (2.5)

Note that here S(1) is the linear response tensor for (nearly) free electrons in an elec-
tric and a magnetic field. It becomes the conductivity tensor (σ)µν when considering
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the classical electron transport in a crystal.

At mesoscopic scales, charge transport is also affected by the geometry of the
conductor, and the conduction is described by the mesoscopic conductance rather
than the material-averaged property of conductivity. For this, Büttiker extended the
Onsager relations into the reciprocity theorem of liner conductance [41–43]

Gij,mn(H,M) = Gmn,ij(−H,−M), (2.6)

where G is linear conductance, whose first pair of subscripts numbers the current
contacts, and the second pair denotes the voltage probe. The theorem describes that
when an interchange of current and voltage probes is accompanied by the rever-
sal of magnetic field and magnetization, the measured linear conductance remains
unchanged [41–43].

In a two-terminal conductor (circuit), the reciprocity theorem reduces to

G12(H,M) = G12(−H,−M), (2.7)

which states that the conductance is unaffected by magnetic field and magnetization
reversal.

The Onsager relations and the reciprocity theorem hold strictly in the linear re-
sponse regime, regardless of the microscopic details of the experiment. Its micro-
scopic origin (the microscopic reversibility) is the same as Barron’s true chirality
consideration for absolute asymmetric synthesis, which is a chemical reaction that
starts from achiral (racemic) reactants but yields products with a net enantiomeric
excess [44].

2.3 Chirality-induced physical phenomena

Just like spin is linked to the fundamental symmetry of time-reversal, chirality relates
to the fundamental symmetry of space-inversion [17]. The presence of chirality gives
rise to several interesting physical phenomena, as introduced below.

2.3.1 Optical rotation and circular dichroism

The oldest yet still the most popular way to detect and distinguish chiral enan-
tiomers is the chiral optical rotation experiment that Biot discovered in 1815 [45]. It ob-
serves the polarization rotation of linearly polarized light after transmitting through
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a chiral medium (e.g. solution of chiral molecules or a chiral crystal) [46]. The direc-
tion of the rotation is opposite for opposite chiral enantiomers, but the rotation an-
gles are the same. Later, it was discovered that the ellipticity of the transmitted light
also changes after the chiral medium, and this is known as circular dichroism [47, 48].

Fresnel interpreted the linear polarization of light as an equal-amplitude super-
position of left and right circular polarizations [49]. In a chiral medium, the oppo-
site circular waves experience different (complex) refractive indices, whose real part
relates to the group velocity of light, and the imaginary part relates to the absorp-
tion coefficient. This induces a difference in both phase and amplitude for the two
transmitted circular waves, and therefore gives rise to optical rotation and circular
dichroism, respectively.

Because of their common root in refractive index, the dispersion spectra (wave-
length dependence) of the optical rotation and circular dichroism relate to each other
via the Kramers-Kronig relations [50, 51]. Complete knowledge of one spectrum allows
the calculation of the other.

Interestingly, optical rotation and circular dichroism are sensitive not only to chi-
rality (the breaking of space-inversion symmetry [17]), but also to magnetism (the
breaking of time-reversal symmetry). For the latter the effects are known as Faraday
rotation (or Kerr rotation) and magnetic circular dichroism. The different symmetry
origins lead to their different application scenarios, as explained from a true chirality
point of view in Appendix E.

2.3.2 Generalized helicity-induced dichroism

The chiral optical rotation and circular dichroism can also be interpreted in terms
of photon helicity, which, as introduced before, is the (spin) angular momentum
projected along the direction of linear momentum (wavevector).

For photons, which are massless spin-one particles, a measurement of its helicity
yields either � or −�, corresponding to either the left or the right circular polariza-
tion, respectively [6, 8]. The opposite helicities represent two forms of photons that
are interconverted only by space-inversion but not by time-reversal, and are thereby
a pair of truly chiral enantiomers (see again Fig. 2.1e). Because of this true chirality,
they interact differently with the chiral medium, which gives rise to optical rotation
and circular dichroism.

This helicity interpretation suggests that the dichroism effects can be generalized
for other particles too. Indeed, it was proposed and later observed for electrons that
their transmission through a vapor of chiral molecules is helicity-dependent [52–55].
A similar effect for neutrons were also proposed [56–58], and a suitable experimental
setup was designed [59], but a convincing observation is still not realized.
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Although helicity is closely related to spin, it is important to distinguish the he-
licity dichroism from a general spin-dependent effect [60, 61]. Unlike photons, elec-
trons are spin-half particles with a finite rest mass. As a result, the helicity measure-
ment of a free electron can already yield three values �/2, 0, and −�/2. It becomes
more complicated for a bound electron, since its total angular momentum has both
spin and orbital contributions, which codetermine the helicity. Moreover, when rela-
tivistic effects are included, the electron helicity also depends on its velocity and the
frame of reference [6, 62, 63].

2.3.3 Magnetochiral effects

Another truly chiral physical quantity is the collinear alignment of a wavevector k

and a magnetic field B. Their parallel and antiparallel alignments are a pair of chiral
enantiomers. They can also interact differently with chiral molecules or crystals, and
the corresponding effects are generally termed the magnetochiral effects. We introduce
here two forms of magnetochiral effect, the optical and the electrical ones.

The optical magnetochiral effect concerns the transmission of nonpolarized light
(with wavevector k) through a chiral medium under the influence of a magnetic
field B. The transmission depends on whether k and B are parallel or antiparallel.
It is effectively described by a term in the refractive index of the chiral medium that
scales linearly with k · B. This term is independent of the polarization of light,
but changes sign when the chirality of the medium is reversed. This effect was
initially independently predicted for chiral systems as a magnetic-field-dependent
dielectric constant [64, 65] and a magnetic-field-induced shift of optical absorption
spectrum [66, 67], before being unified by Barron from the true-chirality point of
view [11]. It took another two decades until it was finally experimentally veri-
fied [68–72], and later confirmed across the electromagnetic spectrum [73–76].

Shortly after the observation of the optical magnetochiral effect, its electrical
counterpart was experimentally reported in a twisted (helical) conducting wire [77].
The wavevector k is here carried by a charge current I , and the effect manifests as a
dc electrical resistance that contains a term scaling with I ·B. This term also changes
sign with chirality reversal [77]. Later, the same effect was also observed in vari-
ous materials such as chiral carbon nanotubes [78, 79], chiral molecular crystals [80],
chiral magnets [81, 82], and most recently, chiral elemental tellurium [83].

Thanks to the broad concept of wavevector k, the magnetochiral effect can also
be generalized for other waves. Indeed, it was also observed for spin waves [84, 85]
and sound waves [86].
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2.4 CISS experiments revisited

We now review typical CISS experiments by comparing them with other chirality-
related effects, and discuss some major differences.

2.4.1 Photoemission experiments

In CISS photoemission experiments (e.g. [87, 88]), the electron transmission through
(a layer of) chiral molecules was described as spin-dependent. These experiments
were similar to electron helicity dichroism (e.g. [54]), in the sense that both observed
the (averaged) spin polarization of electrons transmitted through a chiral environ-
ment. However, the quantitative results were drastically different. For CISS, the
polarization was about 60% [88], whereas for electron helicity dichroism, it was
only 10−4 [54]. More interestingly, the quantitative analyses for electron helicity
dichroism suggested its origin as spin-dependent scattering [54], but the same the-
ory would expect much lower spin polarization for CISS, due to the light-weight
elements in the DNA molecules [89–91].

This discrepancy draws attention to major differences between the two exper-
iments. First, the electrons traveled through very different environments. In the
chiral vapor used in the helicity dichroism experiment, electrons largely traveled
through (achiral) space and only occasionally scattered with chiral molecules; while
in the CISS photoemission experiment, the electrons supposedly transmitted through
the chiral molecules themselves. Second, the chiral molecules were in different con-
ditions. In the helicity dichroism experiment, the molecules were (nearly) not in-
teracting with each other or the environment, whereas for the CISS case, they were
densely packed on a gold substrate, and thereby strongly interacting with each other
and the substrate. Finally, the chiral molecules underwent different physical pro-
cesses. In the helicity dichroism experiment, the chiral molecules only interacted
with the traveling electrons, while in the CISS experiment, the molecules first inter-
acted with incident photons, and then with the electrons.

These, among other differences, need to be addressed in future experiments in
order to provide a more complete picture of CISS.

2.4.2 Magnetotransport experiments

Another major class of CISS experiment is magnetotransport [92–94]. It differs from
photoemission in two key aspects. First, in transport experiments, it is the net im-
balance of counter-propagating electrons that generates signals, so the single elec-
tron transmission picture for photoemission is not suited. Second, the observable in
transport experiments is a charge signal (a magnetoresistance, MR), instead of a spin
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polarization. Therefore, it is best to compare these experiments to other transport
experiments.

The first to compare is the electrical magnetochiral effect, and again there are
notable differences. First, the electrical magnetochiral effect is characterized by an
additional dc resistance (∆ReMCh ∝ ±I ·B) introduced by chirality. Evidently, this
only generates a second-order correction (∆V = ∆ReMCh I ∝ ±I2B) to the dc
conduction [80]. In comparison, the MR reported for CISS often reaches tens of per-
cent, and sometimes even appears in the linear response regime (first order) [93].
Second, the electrical magnetochiral effect is caused by a magnetic field, while CISS
transport is mostly interpreted as due to magnetization (although a magnetic field
is sometimes also present) [93]. Third, the electrical magnetochiral effect generates
an MR that is odd in the magnetic field, but CISS transport experiments often report
MR that is even in magnetic field/magnetization [92–94].

This encourages us to compare CISS to other transport effects that may not neces-
sarily relate to chirality, for example, the Edelstein effect (Appendix D) [19]. Because
of its SOC origin, the Edelstein effect can be observed in the linear response regime,
and it generates a spin imbalance from a charge current, similar to the description
of CISS. However, this spin imbalance cannot be detected as a charge signal using
two-terminal electrical measurements due to the Kramers transmission degeneracy
and the Onsager reciprocity. In contrast, CISS describes a spin imbalance that is
measured using two-terminal geometries, although it remains unclear whether this
happens within the linear response regime.

It may therefore be helpful to consider nonlinear effects. We will show later
(Chapter 4) that elementary nonlinear mechanisms like energy-dependent transport
and energy relaxation can lift the restrictions of two-terminal measurement geome-
tries [95, 96]. In addition, it is known that charge transport in molecular systems
may be highly nonlinear [97, 98], and nonlinear mechanisms may give rise to CISS-
like phenomena [99, 100]. To obtain further insight about CISS, it is important that
future experiments carefully distinguish results obtained in the linear and nonlinear
response regimes.

2.4.3 The role of substrate

We should also not neglect possible extrinsic contributions to the observations of
CISS.

A key feature that exists in all CISS experiments is the use of substrates, and for
most cases the substrate is either made of a heavy metal like gold, or a ferromagnet
like nickel. There have been indications that the substrates were interacting with the
adsorbed chiral molecules [101, 102], but it is still unclear what this interaction is and
what consequences it may have for electron transport.
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This extrinsic aspect has been given attention to [103], but there are very few thor-
ough and quantitative theoretical analyses [104, 105]. Future investigations should
therefore address this issue, and carefully assess whether and how the extrinsic
mechanisms are related to the intrinsic chirality.

2.5 Appendices

A. Symmetry groups

Molecular point groups

For every molecule, there exists at least one point (not necessarily occupied by an atom) that remains un-
moved under all symmetry operations of the molecule. This point is where all corresponding symmetry
elements intersect. It identifies the molecule into a specific point group [1]. According to the Schönflies
notation system, the point group of the tetrahedral molecule in Figure 2.1a is denoted C3v , signifying its
Ĉ3 rotation and σ̂v mirror reflection operations.

Crystal space groups and Bravais lattices

Unlike molecules, crystals extend infinitely in space (for an ideal case). They can be seen as repetitive ar-
rangements of identical clusters of atoms, and thus require additional translational symmetry operations
to describe the repetition patterns. These include translation (move along a defined vector), glider plane
(reflection followed by a translation parallel to the reflection plane), and screw axis (rotation followed by
a translation parallel to the rotational axis).

Based on the point-group and translational symmetry operations, crystals can be categorized into
230 space groups, among which 22 groups are chiral and form 11 enantiomeric pairs [106]. Note that
while a crystal from a chiral group must be chiral, the opposite does not have to be true. A chiral crystal
may belong to 65 different groups known as the Sohncke groups, which contain the 22 chiral groups as
a subset [107, 108]. A definitive description of all space groups and their notations can be found in the
International Tables for Crystallography [109].

The 230 space groups can be further classified into 14 Bravais lattices, which are networks of lattice
points that represent the repetitive clusters of atoms. A lattice point can be made unmoved under all
point-group symmetry operations of the lattice, and can be transformed to another lattice point under a
translation along a lattice vector t. Depending on the angle and length relations among the lattice vectors,
Bravais lattices form 7 crystal systems: triclinic, monoclinic, orthorhombic, tetragonal, cubic, trigonal, and
hexagonal [12].

Time-reversal space groups

When the magnetic properties of a crystal is of interest, the space group discussion must include the T̂

symmetry. It reverses all angular momenta, and therefore reverses the magnetization M of a magnetic
crystal.

A general symmetry operator considering all point-group, translational, and time-reversal operations
can be expressed as

Ĝ = (R̂+ t)T̂ , (2.8)

where R̂ is a three-dimensional (proper or improper) rotation matrix and t is a three-dimensional trans-
lation vector.
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This then classifies all crystals into 1651 time-reversal space groups, which belong to three cate-
gories [40, 110]:

(a) 230 nonmagnetic space groups, which contain time-reversal as a symmetry element;

(b) 230 magnetic space groups, corresponding to those of group (a) but without time-reversal;

(c) The remaining 1191 magnetic groups, whose Ĝ contains time-reversal only in combination with
other symmetry operations.

These symmetry groups put restrictions on the anisotropic linear response tensors of a solid-state ma-
terial to a time-dependent perturbation. For our interest in the linear-regime heat, charge, and spin trans-
port, the translation and inversion operators can be omitted because they are included in the nature of lin-
ear response itself. This largely reduces the number of groups that need to be separately treated. Detailed
discussions on the shape restrictions of various linear-response tensors can be found in Refs. [40, 111–113].

B. Fundamental symmetries

On a fundamental level, symmetries are related to our subjective perceptions of objective physical pro-
cesses. Physical processes in nature are governed by fundamental laws, and are not affected by how they
are interpreted. However, we adopt scientific interpretations that are built on top of systematic mathemat-
ical descriptions, which may contain ingredients that are introduced artificially and cannot be absolutely
measured.

These arbitrarily defined ingredients are called nonobservables. They are the signs of the elemental
charge, the handedness of the space coordinate system, and the arrow of time. For the scope of solid-state
physics, we consider them independent of each other [114]. Therefore, reversing each of these signs will
leave the entire physical process (including the system in question, all instruments for observation, and
the entire associated space and time) appearing unchanged. They are called the charge, parity and time
symmetries, and the sign reversals are termed charge conjugation (Ĉ), space-inversion (P̂ ), and time-reversal
(T̂ ) [115], as summarized in Table 2.3.

Table 2.3: Summary of fundamental symmetry operations

Symmetry operation nonobservable definition

Ĉ charge conjugation the absolute sign of charge sign reversal of electric charge a

P̂ space-inversion the absolute handedness of space b space coordinate reversal: r to −r

T̂ time-reversal the absolute direction of time c time coordinate reversal: t to −t

a This interconverts particles with antiparticles.
b This can be understood as the absolute chirality (or handedness).
c This can be understood as the absolute direction of microscopic motion.

As an example, an electric current through a solenoid causes it to interact with a magnet. This inter-
action dose not depend on how we define the electron charge, the solenoid handedness, or the magnetic
poles. If we were to change our definition of these quantities, and at the same time consistently reverse
their corresponding signs in all mathematical formulas, we will obtain new formulas that still describe
exactly the same physical process, and can still make correct predictions.
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C. Electrons in solid-state materials

Band theory

In a molecule, electrons are described to be bound to the nuclei backbone (termed tight binding model). In
contrast, a (conductive) solid has (conduction) electrons that are often assumed to move nearly freely in
a periodic potential V (r) (r denotes space coordinate) provided by the crystal lattice (termed nearly free
electron model). These conduction electrons can be easily manipulated using electric and magnetic fields,
and their motion can be measured accurately as charge currents. Therefore, the electron transport behavior
in a solid provides a powerful tool to probe its properties.

Quantum mechanics describes an electron using a space- and time-dependent wave function, which is
obtained by solving the Schrödinger equation. Central to this is a Hamiltonian operator that describes the
total energy of the electron. Under the nearly free electron model, the Hamiltonian of an electron is given
by

H = −
�2

2m
∇2 + V (r), (2.9)

where � is the reduced Planck constant, m is the electron mass, and V (r) is the lattice periodic potential
satisfying V (r + t) = V (r). The eigenfunctions of this Hamiltionian constitute the wave function of the
electron (without the time-variant part), which is described by a Bloch wave

ψk(r) = uk(r) exp(ik · r), (2.10)

where k is a wavevector, and uk(r) modulates the wave amplitude with the same period t.
The wavevector k determines a crystal momentum �k and an energy ε(k) of the electron. The rela-

tion between k and ε(k) is called the dispersion relation, and captures essential electron transport properties
of the crystal. It is mostly continuous with k but has gaps at ki (i represents spatial coordinate) values
that are integer multiples of π/ai, where ai is the lattice spacing in the corresponding direction [116]. The
energy gaps separate the allowed energies of an electron into energy bands.

In an actual crystal formed by a large but finite number of unit cells, each energy band breaks into the
same number of discrete wavevector states, which are equally spaced in k and can each accommodate two
valence electrons with opposite spins (two-fold spin degeneracy). The electrons in the crystal occupy these
states from low to high energy. If a number of bands would be exactly filled with electrons and the rest
left completely empty, the crystal would be an insulator [117]. Otherwise, if a band would be only partially
filled, the crystal would be a metal or a semimetal. In between the two cases is a semiconductor, in which the
bands could have been filled like an insulator, but due to a relatively small gap between the highest filled
band (valence band) and the lowest unfilled one (conduction band), electrons occupy a number of states in
the latter due to thermal distribution (Fermi-Dirac distribution), giving rise to finite conductivity. The band
gap of a semiconductor is usually comparable to the energy of visible-range photons, and therefore allows
for the manipulation of conduction electrons using light.

Spin-orbit coupling

A moving electron in the potential V (r) experiences an effective magnetic field Beff in its rest frame
due to relativistic transformations between electric and magnetic fields

Beff = −
∇V (r)× p

emc2
, (2.11)

where p is the linear momentum of the electron. This magnetic field interacts with the electron’s intrinsic
magnetic dipole moment µS = −gµBS/� (g ≈ 2, S is the spin angular momentum of the electron
and µB = e�/2m is the Bohr magneton). This interaction is called spin-orbit coupling (SOC), and it has
energy HSO = −µS ·Beff/2 (the factor 1/2 comes from a relativistic correction due to Thomas preces-
sion [118]).
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The quantum mechanical operator for SOC is

HSO =
1

2
µBσ ·Beff = i

�2

4m2c2
σ ·

(
∇V (r)×∇

)
, (2.12)

where momentum p is replaced by its operator representation −i�∇, and σ = 2S/� is the Pauli matrix

vector for spin, whose elements are σ̂x =

(
0 1

1 0

)
, σ̂y =

(
0 −i

i 0

)
, σ̂z =

(
1 0

0 −1

)
.

For an electron in a crystal, the term HSO is added to the original Hamiltonian (Eqn. 2.9) to take into
account spin-orbit effects. As a result, Eqn. 2.10 is no longer a solution to the Schrödinger equation. The
new solution contains spin as a variable, and writes ψk,S(r). It is still a Bloch wave, but the two-fold
spin degeneracy for each k-state is lifted. Consequently, the crystal now has spin-dependent dispersion
relation ε(k,S), and the exact dependence is determined by the crystal symmetry.

Symmetry operation on energy bands

In general, the crystal symmetry operator Ĝ leaves the crystal, as well as its potential V (r), appearing
unchanged. Consequently, as pointed out by Wigner, Ĝ commutes with the Hamiltonian H of the nearly
free electrons in the crystal [2]. It further implies that, if ψ is a Bloch eigenstate of H with energy ε, Ĝψ
is also a Bloch eigenstate of H with exactly the same energy. This is shown by applying Ĝ to the entire
Schrödinger equation

Ĝ(Hψ) = Ĝ(εψ) ⇒ H(Ĝψ) = ε(Ĝψ). (2.13)

The symmetry operator Ĝ therefore transforms the old eigenstate ψk,S(r) to the new one Ĝψk,S(r),
which has the same energy.

In order to obtain Ĝψk,S(r), one can apply Ĝ to the original Schrödinger equation, and then modify
the indices of wavevector k to k′ and spin S to S′, in order to reconstruct a new Schrödinger equation
that has the same energy eigenvalue. The transformations k ⇒ k′ and S ⇒ S′ then describe the sym-
metry operations on the energy band. The transformed wave function Ĝψk,S(r) also provides symmetry
information about phase-related properties, such as the Berry curvature.

Table 2.4: Symmetry operations on an energy band

Symmetry operation Ĝ transformation of k, S transformation of wave function

Lattice translation: k ⇒ k,
Ĝψk,S(r) = ψk,S(r) exp(ik · t) = ψk,S(r).a

r ⇒ r + t S ⇒ S.

Proper rotation: k ⇒ R̂−1
r k,

Ĝψk,S(r) = R̂−1
S ψk,S(R̂rr).b

r ⇒ R̂rr S ⇒ R̂SS.

Space-inversion: k ⇒ −k,
Ĝψk,S(r) = ψk,S(−r).

r ⇒ −r S ⇒ S.

Time-reversal: k ⇒ −k, for ψk,S(r) = α| ↑> +β| ↓>,
t ⇒ −t, i ⇒ −i. c S ⇒ −S. Ĝψk,S(r) = −β∗| ↑> +α∗| ↓>.d

a Lattice translation is by definition an intrinsic symmetry of all Bloch waves.
b R̂r and R̂S denote the same rotation, but act in real space and spin space respectively.
c The time-reversal operator T̂ is antiunitary, it reverse t and converts all complex values to their

complex conjugate [2]. For a spin-half system T̂ 2ψ = −ψ.
d The ∗ denotes complex conjugate, | ↑>, | ↓> are spin angular momentum eigenvectors for S, and
α, β contain the spatial coordinate. Note that the inner product < Ĝψk,S |ψk,S >= 0, indicating
that the two time-reversed states are orthogonal, and have opposite spins.
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sion [118]).
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The quantum mechanical operator for SOC is

HSO =
1

2
µBσ ·Beff = i

�2

4m2c2
σ ·

(
∇V (r)×∇

)
, (2.12)

where momentum p is replaced by its operator representation −i�∇, and σ = 2S/� is the Pauli matrix

vector for spin, whose elements are σ̂x =

(
0 1

1 0

)
, σ̂y =

(
0 −i

i 0

)
, σ̂z =

(
1 0

0 −1

)
.

For an electron in a crystal, the term HSO is added to the original Hamiltonian (Eqn. 2.9) to take into
account spin-orbit effects. As a result, Eqn. 2.10 is no longer a solution to the Schrödinger equation. The
new solution contains spin as a variable, and writes ψk,S(r). It is still a Bloch wave, but the two-fold
spin degeneracy for each k-state is lifted. Consequently, the crystal now has spin-dependent dispersion
relation ε(k,S), and the exact dependence is determined by the crystal symmetry.

Symmetry operation on energy bands

In general, the crystal symmetry operator Ĝ leaves the crystal, as well as its potential V (r), appearing
unchanged. Consequently, as pointed out by Wigner, Ĝ commutes with the Hamiltonian H of the nearly
free electrons in the crystal [2]. It further implies that, if ψ is a Bloch eigenstate of H with energy ε, Ĝψ
is also a Bloch eigenstate of H with exactly the same energy. This is shown by applying Ĝ to the entire
Schrödinger equation

Ĝ(Hψ) = Ĝ(εψ) ⇒ H(Ĝψ) = ε(Ĝψ). (2.13)

The symmetry operator Ĝ therefore transforms the old eigenstate ψk,S(r) to the new one Ĝψk,S(r),
which has the same energy.

In order to obtain Ĝψk,S(r), one can apply Ĝ to the original Schrödinger equation, and then modify
the indices of wavevector k to k′ and spin S to S′, in order to reconstruct a new Schrödinger equation
that has the same energy eigenvalue. The transformations k ⇒ k′ and S ⇒ S′ then describe the sym-
metry operations on the energy band. The transformed wave function Ĝψk,S(r) also provides symmetry
information about phase-related properties, such as the Berry curvature.

Table 2.4: Symmetry operations on an energy band

Symmetry operation Ĝ transformation of k, S transformation of wave function

Lattice translation: k ⇒ k,
Ĝψk,S(r) = ψk,S(r) exp(ik · t) = ψk,S(r).a

r ⇒ r + t S ⇒ S.

Proper rotation: k ⇒ R̂−1
r k,

Ĝψk,S(r) = R̂−1
S ψk,S(R̂rr).b

r ⇒ R̂rr S ⇒ R̂SS.

Space-inversion: k ⇒ −k,
Ĝψk,S(r) = ψk,S(−r).

r ⇒ −r S ⇒ S.

Time-reversal: k ⇒ −k, for ψk,S(r) = α| ↑> +β| ↓>,
t ⇒ −t, i ⇒ −i. c S ⇒ −S. Ĝψk,S(r) = −β∗| ↑> +α∗| ↓>.d

a Lattice translation is by definition an intrinsic symmetry of all Bloch waves.
b R̂r and R̂S denote the same rotation, but act in real space and spin space respectively.
c The time-reversal operator T̂ is antiunitary, it reverse t and converts all complex values to their

complex conjugate [2]. For a spin-half system T̂ 2ψ = −ψ.
d The ∗ denotes complex conjugate, | ↑>, | ↓> are spin angular momentum eigenvectors for S, and
α, β contain the spatial coordinate. Note that the inner product < Ĝψk,S |ψk,S >= 0, indicating
that the two time-reversed states are orthogonal, and have opposite spins.



2

32 Chapter 2.

In Table 2.4 we list the symmetry operations on an energy band and the corresponding transformed
wave functions Ĝψk,S(r).

D. The Edelstein effect
When SOC is considered and for a inversion-asymmetric crystal, the Fermi surface contains a spin texture,
which correlates spin orientation with wavevector states.

At equilibrium, opposite wavevector states are always equally occupied. Consequently, if the crystal
preserves time-reversal symmetry, εn(k,S) = εn(−k,−S) provides that opposite spin states are also
always equally occupied. Therefore, conduction electrons on the Fermi surface will always have balanced
spins, i.e. there cannot be a net spin imbalance (spin accumulation). However, if the equilibrium is
broken, for example by a charge current, the opposite wavevector states (along the current direction)
will no longer be equally occupied. This consequently gives rise to a net spin imbalance. Such a current-
induced spin accumulation is the Edelstein effect, or Rashba-Edelstein effect, since it was originally calculated
by Edelstein for a Rashba-type spin texture [19].

There also exists an Onsager reciprocal effect, the inverse Edelstein effect, where a spin accumulation
injected into an inversion asymmetric crystal gives rise to a charge current. The Edelstein and inverse
Edelstein effects demonstrate the interconversion between charge and spin signals without evoking mag-
netism, and prove promising for spintronic applications. Both effects have been thoroughly theoretically
studied and experimentally confirmed [18, 119–124].

E. True chirality and optical rotations
The two types of (chiral and magnetic) optical rotation effects can be distinguished from the true chirality
point of view.

For the chiral optical rotation, the system in question is the solution of chiral molecules, and the
observable is the rotation of light polarization. A space-inversion operation reverts the chirality of all
molecules in the solution, and therefore changes the sign of the observed optical rotation, but a time-
reversal operation leaves the molecules unchanged. Therefore, the experiment is truly chiral.

The Faraday rotation also rotates linearly polarized light in an (achiral) medium, but only upon the
application of a longitudinal magnetic field. For this, the system in question is the medium and the
applied magnetic field, and the observable is again the optical rotation. The achiral medium itself is
unchanged under both space-inversion and time-reversal, so the symmetry of the observable is solely
determined by the symmetry of the magnetic field, which, as we already knew, is odd under time-reversal
and even under space-inversion. As a result, the Faraday rotation experiment is not truly chiral.

Because of this distinction, Faraday rotation is used in optical isolators [125], which is usually mounted
at the output of a laser to block reflected beams. It rotates both the output and the reflected linearly po-
larized laser beams by 45◦ to the same direction with respect to the magnetic field, so that the reflected
beam becomes orthogonally polarized to the output, and can be blocked by a linear polarizer. This can-
not be done by a chiral optical rotator, which rotates the output and reflected beams with respect to their
(opposite) propagation directions, and the two rotations always cancel each other out.
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In Table 2.4 we list the symmetry operations on an energy band and the corresponding transformed
wave functions Ĝψk,S(r).

D. The Edelstein effect
When SOC is considered and for a inversion-asymmetric crystal, the Fermi surface contains a spin texture,
which correlates spin orientation with wavevector states.

At equilibrium, opposite wavevector states are always equally occupied. Consequently, if the crystal
preserves time-reversal symmetry, εn(k,S) = εn(−k,−S) provides that opposite spin states are also
always equally occupied. Therefore, conduction electrons on the Fermi surface will always have balanced
spins, i.e. there cannot be a net spin imbalance (spin accumulation). However, if the equilibrium is
broken, for example by a charge current, the opposite wavevector states (along the current direction)
will no longer be equally occupied. This consequently gives rise to a net spin imbalance. Such a current-
induced spin accumulation is the Edelstein effect, or Rashba-Edelstein effect, since it was originally calculated
by Edelstein for a Rashba-type spin texture [19].

There also exists an Onsager reciprocal effect, the inverse Edelstein effect, where a spin accumulation
injected into an inversion asymmetric crystal gives rise to a charge current. The Edelstein and inverse
Edelstein effects demonstrate the interconversion between charge and spin signals without evoking mag-
netism, and prove promising for spintronic applications. Both effects have been thoroughly theoretically
studied and experimentally confirmed [18, 119–124].

E. True chirality and optical rotations
The two types of (chiral and magnetic) optical rotation effects can be distinguished from the true chirality
point of view.

For the chiral optical rotation, the system in question is the solution of chiral molecules, and the
observable is the rotation of light polarization. A space-inversion operation reverts the chirality of all
molecules in the solution, and therefore changes the sign of the observed optical rotation, but a time-
reversal operation leaves the molecules unchanged. Therefore, the experiment is truly chiral.

The Faraday rotation also rotates linearly polarized light in an (achiral) medium, but only upon the
application of a longitudinal magnetic field. For this, the system in question is the medium and the
applied magnetic field, and the observable is again the optical rotation. The achiral medium itself is
unchanged under both space-inversion and time-reversal, so the symmetry of the observable is solely
determined by the symmetry of the magnetic field, which, as we already knew, is odd under time-reversal
and even under space-inversion. As a result, the Faraday rotation experiment is not truly chiral.

Because of this distinction, Faraday rotation is used in optical isolators [125], which is usually mounted
at the output of a laser to block reflected beams. It rotates both the output and the reflected linearly po-
larized laser beams by 45◦ to the same direction with respect to the magnetic field, so that the reflected
beam becomes orthogonally polarized to the output, and can be blocked by a linear polarizer. This can-
not be done by a chiral optical rotator, which rotates the output and reflected beams with respect to their
(opposite) propagation directions, and the two rotations always cancel each other out.
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on the frame of reference but not on the physical object itself, while î does the opposite. The P̂ operation does
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while î has a center of inversion, and manifests as inverting spatial positions with respect to the center. A strict
notion of space-inversion P̂ includes not only inversion î, but also any improper rotations Ŝn. Therefore, an î-
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Chapter 3

Spin-dependent electron transmission model
for chiral molecules in mesoscopic devices

V
arious device-based experiments have indicated that electron transfer in certain chiral
molecules may be spin-dependent, a phenomenon known as the Chiral Induced Spin Se-
lectivity (CISS) effect. However, due to the complexity of these devices and a lack of
theoretical understanding, it is not always clear to what extent the chiral character of
the molecules actually contributes to the magnetic-field-dependent signals in these exper-
iments. To address this issue, we report here an electron transmission model that evalu-
ates the role of the CISS effect in two-terminal and multi-terminal linear-regime electron
transport experiments. Our model reveals that for the CISS effect, the chirality-dependent
spin transmission is accompanied by a spin-flip electron reflection process. Furthermore,
we show that more than two terminals are required in order to probe the CISS effect in
the linear regime. In addition, we propose two types of multi-terminal nonlocal transport
measurements that can distinguish the CISS effect from other magnetic-field-dependent
signals. Our model provides an effective tool to review and design CISS-related transport
experiments, and to enlighten the mechanism of the CISS effect itself.
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