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Abstract

CrossMark

We review a recently discovered phenomenon, the chiral induced spin selectivity (CISS)
effect, that can enable a new technology for the injection of spin polarized current without
the need for a permanent magnetic layer. The effect occurs in chiral molecules and systems
without parity symmetry, i.e. systems that do not have inversion symmetry. The theoretical
foundations for the effect are presented first and then followed by several examples of spin-
valves that are based on chiral systems. The CISS-based spin valves introduce the possibility
to inject spin current without the use of a permanent magnet and to achieve relatively large

magnetoresistance at room temperature.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Current solid-state logic relies on the use of transistors, in
which capacitors are charged and discharged. Spintronics has
been suggested as an alternative technology that exploits the
electron spin rather than its charge, because spin manipula-
tion ought to require less energy than charging capacitors [1].
Since the introduction of the spin transistor concept [2] much
experimental and theoretical effort has been directed toward
its realization; however the technology remains inferior to that
of well-established charge-based transistors. Because of exist-
ing technologies, silicon is viewed as the material of choice
for spintronics; however silicon’s small spin—orbit coupling
(SOC) results in self-contradictory properties. On the one
hand, spins have a relatively long mean free path in silicon,
which is necessary for a spin transistor, but on the other hand
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a relatively high voltage is required to induce significant spin
precession.

Producing an efficient and practical spin transistor requires
that one be able to inject spins into a semiconductor with high
efficiency and selectivity, reaching 100% at room temper-
ature. Common spin injectors are made of ferromagnetic
(FM) layers that intrinsically do not inject pure spin at room
temperature. This limitation may be overcome by applying
multiple layer configurations; however the interfacial barriers,
in particular the Schottky barrier between the spin injector and
the semiconductor [3, 4], can cause spin depolarization, which
reduces the efficiency of the spin injector [5]. In addition, it
is important to find a way to manipulate the spin in real time,
e.g. by applying a relatively low voltage.

Although progress in developing spin transistors is limited,
it has been possible to develop practical spintronic devices
that have penetrated into two important applications, read
heads in hard disks and magnetic memory. Both applica-
tions use magnetoresistive spin valves that are based on the
giant magnetoresistance effect (GMR) [6] and on the tunnel
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magnetoresistance (TMR effect) [7, 8]. In the spin valve,
two FM layers are separated by a thin non-magnetic layer.
The magnetic dipole of one FM layer is permanent, while the
magnetic dipole of the other FM is a ‘free-layer’ and can be
changed, either by an external magnetic field (in the case of
the reading head) or by a spin current flowing through it, as
in the case of spin torque magnetic memory [9]. The resist-
ance of a spin valve is changed according to the magnetization
direction of the free layer.

Despite the success of these memory devices and their com-
mercial application, they suffer from intrinsic drawbacks that
limit their future development. The first drawback is their lim-
ited promise for miniaturization. Because FM materials tend
to become super-paramagnetic at small (nanometer) sizes,
such devices are likely to be limited to areas of about 70 nm?>.
There is much effort to solve the problem by converting the
devices from being magnetized in plane to being magnetized
perpendicular to the film’s surface, however shrinking the size
of the read head in hard disks remains a significant challenge.
A second challenge for GMR and TMR [8] devices is the need
to have a permanent magnetic film in close proximity to the
free FM layer at room temperature. Current technology meets
this challenge by using multiple layers of films that stabilize
the permanent magnetic film by antiferromagnetic interac-
tions. Such structures are relatively expensive to produce and
they limit the expansion of these memory technologies to
devices that are both higher in density and lower in cost.

In addition to the inorganic structures discussed above,
considerable research has been performed in ‘organic spin-
tronics’ in which organic molecules (or materials) serve as the
dielectric layer in GMR like devices [10]. Magnetoresistance
effects have also been observed in various organic based
devices in some cases when the organic molecules themselves
contained paramagnetic atoms [11] or even when the mole-
cules are diamagnetic [12, 13].

This article describes a recently discovered phenomenon,
the chiral induced spin selectivity (CISS) effect [14], which
can enable a new technology for the injection of spin polar-
ized current without the need for a permanent magnetic layer.
The CISS effect [14] occurs in molecules without parity
symmetry, i.e. systems that do not have inversion symmetry
[15]. The special spectroscopic properties of chiral molecules
have been appreciated since the beginning of the nineteenth
century, however the influence of chiral symmetry on a mol-
ecule’s electron transport properties has only been probed for
the past two decades.

Studies of electron transport through chiral molecules
have been performed over a short distance range, from a few
nanometers in the case of oligopeptides and proteins to about
30nm in the case of double strand DNA, and up to a hundred
nanometers in the case of carbon nanotubes wrapped with
DNA [16]. The short range transport is presumed to occur by
tunneling, whereas the longer range transport combines tun-
neling and hopping [17]. For the length range studied, the
spin polarization lifetime exceeds the transport time by sev-
eral orders of magnitude. In these studies, it was found that
electron transport through chiral molecules is spin selective
and the consequent spin polarization is very large compared to

inorganic spin filters. Note that the ratio between the transmis-
sion probability of the favored spin direction, versus the other
spin direction is known to reach values of more than four to
one at room temperature for DNA; a spin polarization which
exceeds that of common solid-state based spin filters [18].
This phenomenon was not anticipated, as organic molecules
are known for their small SOC and the molecules used are
not magnetic. Hence, the experimental observations provide a
challenge to theory. In what follows the effect will be described
and the theory behind it will be reviewed. Subsequently, we
will describe some recent results on the development of spin
injectors that are based on the CISS effect.

2. Theory

Organic chiral molecules can serve as non-magnetic spin fil-
ters because the electron transmission probability through them
strongly depends on the electron’s helicity. Electrons of a cer-
tain spin can traverse the molecule more easily in one direction
than in the other (depending on the handedness of the mole-
cule). These directions are reversed for electrons of opposite
spin. This property implies strong spin—orbit interactions, and
early theoretical attempts to explain the CISS effect invoked
SOC with a magnitude much larger than that which one typi-
cally encounters in organic materials [19-23]. Recently a modi-
fied theory [24] has explained the high degree of spin selectivity
as originating from the interplay between a helicity-induced
SOC and a strong dipole electric field, which is characteristic of
these molecules, or an external electric field acting on the chi-
ral molecules. This mechanism can account for the large spin
polarization measured in experiments over an energy range of
hundreds of meV without relying on an unusually large SOC.
Because a chiral molecule has a helical electrostatic
potential, from a symmetry perspective, their electronic
properties may be understood by studying an electron gas
confined to a helix-shaped narrow tube. As a consequence of
this confinement, the corresponding quasi-1D Hamiltonian
describes electrons moving in curved space. Crucially, this
curvature entangles degrees of freedom along the tube with
the ones across it, unlike a straight cylinder where they are
separable. In particular, the SOC that arises from the confin-
ing potential has the familiar form L - S where the direction of
L is tangent to the helix, and hence changes as a function of
position along the helix (see figure 1). Consequently, the SOC
term connects the spin o to both the position s along the helix
and the angular momentum £. The latter refers to the angular
momentum perpendicular to the helix, i.e. the eigenvalue of

L= —i% (where 0 is the angle in the n-t plane). Explicitly,

the SOC term in the Hamiltonian is
Hsoc = KL - § = k[ aysin2ms/R) — oy cos(2ms/R) — @b/Zwﬁ](l)

This term resembles a Zeeman magnetic field that rotates as
a function of position. The direction of rotation is determined

by the chirality of the molecule and is captured by the sign of

the parameter R = & /(27R)? 4 b* which is positive (nega-
tive) for a right (left) handed helix; R and b are the helix’
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Figure 1. Panel (a) shows a helix-shaped tube of radius R and
pitch b, corresponding to the theoretical model. Panel (b) illustrates
the helical coordinate system (s, 1, t), where s is the displacement
along the tube, and (n, 1) spans the perpendicular plane. Panel

(c) shows the effective Zeeman field created by the spin—orbit
coupling (equation (1)), which is rotating as a function of position
along the helix.

radius and pitch, respectively. This effective Zeeman field is
the leading term that connects the electron spin and the non-
relativistic dynamics, and it is closely related to the Berry cur-
vature [25]. The coefficient x is proportional to the atomic
SOC which is of the order of several meV (comparable to the
SOC of carbon). Interestingly, a chiral magnetic field similar
to equation (1) has been shown to arise from solitons in 1D
spin-chains where it results in a spin-dependent neutron scat-
tering [26]. Performing a spin dependent gauge transforma-
tion on the wavefunction W,(s) — \I/Ue’””?‘/ﬁ, the SOC term
splits into two contributions: a Rashba-like SOC term that is

proportional to —i(%ﬂ)aﬁs and a constant Zeeman field x{o;.

The sign of the former is determined by the handedness of the
molecule, while the sign of the latter depends on the angular
momentum of the electronic state.

The energy spectrum for electrons propagating along the
helix and subject to the SOC introduced above gives rise to a
spin selective transmission. All energies within the £ = 0 band
are four-fold degenerate, two spin states each with two oppo-
site velocities. Thus, electrons of any spin can be transmitted
through the molecule in both directions for £ = 0. For £ =0 a
partial gap opens in the energy bands because of the Zeeman-
like term rloy. Within this range of energies, the states are
quasi-helical, as the spin is almost perfectly locked to the
momentum direction. Because the helicity of these states is
determined by the sign of the Rashba-like term (or equivalently
the sign of R) and independent of ¢, transmission in this energy
window is strongly spin selective. The energy of the partial
gap is proportional to k¥ ~ 1 meV, however; and spin selec-
tivity is only expected to be observed within a narrow range
of energies and at ultra-low temperatures. We note that the
Zeeman-like term is proportional to the angular momentum ¢,

and therefore, time reversal symmetry is preserved in organic
helical molecules. As a result, these systems filter electrons
according to their helicity, in contrast to molecular magnets
that are sensitive only to the spin of the electrons tunneling
through them [27]. Moreover, since organic molecules usually
carry zero net spin, effects arising from exchange coupling
with the leads, such as Kondo [28] or RKKY [11] effects are
not expected to occur.

The CISS effect becomes significant in organic molecules
that have a dipole moment or when an external electric field is
applied on the molecule. This electric field localizes the elec-
tronic states near one edge of the dipole potential, and hence
reduces the conduction. However in the presence of a helicity-
induced SOC (equation (1)), the helical nature of the electronic
states and the partial gap in the spectrum lead to suppression
in back scattering that extends up to high energies of the order
of the potential barrier height. As a result, electronic states
with ¢ == 0 acquire some peculiar features: (i) the amplitudes
of the wavefunctions at the end of the molecule are signifi-
cantly larger for £ = 0 than for £ = 0, and (ii) the tails of the
wavefunctions, which penetrate more deeply into the potential
barrier, have a particular helicity. These features give rise to a
strong spin-dependent tunneling current over an energy range
that is determined by the magnitude of the electric potential
drop along the molecule (~ 100 meV) rather than by «.

Thus even a weak helicity-induced SOC, significantly
affects electronic transport in the tunneling regime. More spe-
cifically, it both enhances the transmission probability over
that of the achiral analogue, and it filters the spin of the trans-
ferred electrons.

We conclude the discussion of this theoretical model by not-
ing a number of additional features. First, this model indicates
that the CISS effect is significant only when the mechanism of
electron transfer through the molecule is tunneling (this may
also include hopping which consists of several consecutive
tunneling events). Within this model, the CISS effect operates
at high temperatures (kT > SOC) only if the electronic states
are localized, and it will become less pronounced, or even
negligible, for molecules with high transmission probability.
Second, the directionality generated by the locking of the elec-
tron spin and velocity suggests that backscattering by phonons
or disorder is suppressed. While some experimental evidence
already exists to support this feature, it has not been tested
rigorously so far. Third, the spin polarization is maximal in
this model when wx¢R ~ 1 and it vanishes for too large SOC,
destroying the CISS effect.

3. CISS-based spin valves

The CISS effect allows for an alternative approach to the
common spin injection strategy that is used with GMR based
devices. In this new approach, the permanent magnetic layer
is replaced by an organic/inorganic chiral material that is non-
magnetic and acts as a spin filter to provide a spin-polarized
electron tunneling current [29]. There are several manifes-
tations of this strategy. In one, a self-assembled monolayer
(SAM) of chiral molecules is deposited on a non-magnetic
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Figure 2. Panel (a) shows a schematic diagram of the
magnetoresistance device that was used to probe the Au/SAM/
Al,O3 spin-injector device and the principle of the electrical
resistance measurement (R = V/I). The blue layer is Si; the yellow
orange layer is Au; the more reddish orange layer is silicon oxide;
the transparent and white layer are the SAM/AI,O3; and the top
black layer is the Ni film. Panel (b) shows an SEM image (top view)
of the device with a thin (1 xm wide) gold trace and a wide (50 pm)
nickel trace perpendicular to it. Adapted from [29] with permission.

metal substrate and an ultrathin (1.5-2nm) Al,O3 film
is grown on top of it [29]; after which, a thin FM film is
deposited on top of the alumina (see figure 2). Alternatively,
an ultrathin layer of conductive polymer can be spin coated
on the chiral SAM and then a FM layer can be coated on top
of the polymer. In a third manifestation, chiral semiconductor
quantum dots (QDs) have been shown to act as spin filters
when sandwiched between two metal electrodes [30]. While
each of these approaches has demonstrated spin-filtering, they
have their relative advantages. For example, the Al,O3 films
offer promise for use in electronic devices because alumina
is a chemically robust oxide, however the deposition proce-
dure must be performed at low temperatures (circa 100 °C),
in order to avoid damage to the chiral SAM template, and
this results in a defective film that can have pinhole electrical
shorts giving rise to a device yield of about 20%. In contrast
the use of a conductive polymer film as the tunnel junction
increases the production yield of the devices to nearly 100%.

Figure 2 shows a schematic diagram of the spin-injector
design in panel (a) and a scanning electron microscopy
image of one of the Al,O3 devices in panel (b). The device
consists of a thin gold film electrode that is coated with a
SAM of cysteine molecules. When an Al,O3 layer is grown
on this SAM by atomic layer deposition, it is believed that
the alumina adopts a chiral structure [31, 32], however this
is inferred from aspects of the film’s enantiospecific function
rather than direct structural characterization. Mathew et al [29]
evaluated the chirality of the cysteine SAM/Al,O3 tunneling
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Figure 3. The magnetoresistance measured with a magnetic field
up to 0.5 T at various fixed temperatures on devices with 2 nm-
thick chiral Al,O3 deposited on top of the SAM. Panel (a) shows

a D-cysteine SAM on a gold surface, and panel (b) shows an
L-cysteine SAM on a gold surface. Measurements were performed
at constant current 1 mA. Copied from [29] with permission.

barrier by cyclic voltammetry measurements in which the Au/
(L- or D-) cysteine/Al,0O3 was used as a working electrode
in an electrochemical cell. They showed that the faradaic
current which was observed for a chiral N,N-dimethyl-1-
ferrocenylethylamine (R-Fc or S-Fc) redox couple displayed
a sensitivity to the chirality of the Au/SAM/AI,O3 working
electrode. Namely, that the Au/D-cysteine/Al,O3; working
electrode had a higher faradaic peak current for the S-Fc than
for the R-Fc; whereas the Au/L-cysteine/Al,O3 L-cysteine had
a higher faradaic peak current for the R-Fc than for the S-Fc.

To analyze the performance of the Au/SAM/AI O3 spin
injector, Mathew et al [29] deposited a 150 nm thick Ni layer
on top of the Al,O3 and measured its resistance as a function of
an applied magnetic field. The conduction through the device
occurs by tunneling and the voltage drop was used to calcu-
late the resistance. The magnetic field was applied parallel
to the direction of current flow (perpendicular to the Ni film/
Al O3 tunnel barrier plane), and it was used to split the nickel
film’s spin sublevels. Unlike traditional FM spin injectors, the
chiral tunnel barrier does not respond to the applied magnetic
field, and the origin of the signal arises solely from the change
in population of the Ni films spin sublevels; i.e. the Ni ana-
lyzes for the intrinsic spin polarization of the Au/SAM/AL,O3
spin-injector. Figure 3 presents some of the magnetoresistance
(MR) data they reported; namely MR = [R(H) — R(H = 0)]/
R(H =0) x 100% is plotted as a function of magnetic field
H for two different spin-injector chiralities at temperatures
between 14K and 300K. Note that R(H) is defined as the
resistance under a field strength H and R(H = 0) is the zero-
field resistance.

Figure 3 shows the magnetoresistance data that Mathew
et al [29] obtained for two different chirality SAM/Al,Os films,
i.e. L-cysteine Al,O3 and D-cysteine Al;O3. The most obvious
difference between the two devices is that they have opposite
signs for the MR response; i.e. the sign of the slope for the
MR versus H plots are opposite to one another. This difference
in the response correlates with the difference in the chirality
of the cysteine molecules, which were used to template the
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Figure 4. Magnetoresistance of chiral QD thin films. (Left) Schematic illustration of the cross-section of the magnetoresistance (MR)
device structure. (Bottom) MR data are shown for thin films composed of L-Cysteine (A), MPA (B), and D-Cysteine (C) capped CdSe QDs
at 20K, recorded as a function of external magnetic field up to 1 T at a fixed current of 0.1 mA. The arrows indicate the scan direction, and
the green arrow indicates the origin of the scan. Taken from [30], with permission.

SAM/AI,Oj5 films. Moreover, the MR versus H curves are not
symmetric about H = 0 but are approximately antisymmet-
ric. In typical GMR devices, the magnetoresistance does not
depend on the sign of the applied magnetic field, but only on
its magnitude. For the device structure illustrated in figure 2,
the magnetoresistance depends on the magnetic field direction
and the chirality of the tunneling barrier because the tunnel
barrier, which defines the spin alignment, is not affected by
the external magnetic field. For the D-cysteine/Al,O5; bar-
rier, the MR is high for a positive magnetic field and the MR
is low for a negative magnetic field, whereas the L-cysteine
Al,O3 barrier has a low MR for a positive magnetic field
and a high MR for a negative magnetic field. This difference
arises because the device sketched in figure 2(A) has only the
analyzing magnet (the nickel layer) and no second magnetic
layer, as in a GMR device.

Qualitatively, the device works in the following manner.
As the electrons transit the tunneling barrier the spin distri-
bution becomes polarized by the CISS effect either parallel
or antiparallel to their velocity, depending on the chirality
of the tunneling barrier. Whether or not an electron transits
into the Ni film depends on the electron’s spin and the den-
sity of empty states in the nickel layer for that spin to popu-
late; and this density of available states is controlled by the
applied magnetic field and the voltage drop. Thus, the Au/
SAM/AL,O3 layers form a tunnel junction that transmits a spin
polarized current and the nickel layer acts as an analyzer for
that spin polarization. As the external magnetic field increases
the Ni becomes more strongly magnetized (more domains are

aligned) in the field direction, and hence it has more empty
spin down states near the Fermi level and is less resistive for
electrons whose spin is antiparallel to the electron velocity.
Thus, the D-cysteine SAM/AI,05 has a low resistance for pos-
itive H-field and this indicates that it selects for electron spins
that are anti-parallel to the electron velocity.

This interpretation of the response is consistent with the
lack of any significant temperature dependence of the MR
response of the device. The data in figure 3 show that the
MR changes very little with temperature over the range of
14 K-150K. Note that the magnitude of the MR response
and the interface resistance measured in the two devices are
different. Mathew et al [29] indicate that reproducibility in the
device manufacture remains a challenge, but that the devices,
once manufactured, are robust—operating for more than three
months. Challenges to device fabrication arise from making
a compact Al,Os film which is free of pinholes, maintaining
a low surface roughness of the Al,Oj3 film and controlling the
microstructure of the Ni film. Indeed, especially efficient spin
valves were also produced but with low yield because of the
irreproducible Al,Oj3 layer.

A second type of CISS based spin valve is shown in figure 4.
In this case chiral QDs [33, 34] serve as the spin filtering ele-
ment, which is sandwiched between a Au bottom electrode
and a Ni top electrode that serves as the spin analyzer element.
While semiconducting QDs have been used in spin selective
charge transport devices in other works [35-37], those stud-
ies consisted of achiral QD assemblies on chiral molecular
films acting as a spin filter. For the work shown in figure 4 a
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ligand capping layer was used to control the electronic chiral-
ity of the QD; namely an L-cysteine ligand shell gave the L
QD (figure 4(A)), a D-cysteine ligand shell gave the D QD
(figure 4(C)), and the achiral ligand mercaptopropionic acid
gave the achiral QD (figure 4(B)). Figure 4 shows MR meas-
urements recorded as a function of applied external magnetic
field for the three different cases. Note that mercaptopropionic
acid differs from cysteine by the replacement of the amine
group on the cysteine with a hydrogen, which makes it achi-
ral; however its surface binding thiolate group and its length
is similar to cysteine. The resistance was measured at a con-
stant current (of 100 pA) through the sample, and the external
magnetic field was varied from —1 Tto 1 T.

The MR curves, as a function of the external magnetic field,
show that the devices with chiral ligands and the device with
the achiral MPA are qualitatively different. The L-cysteine
and D-cysteine CdSe QDs show opposite behaviors for the
magnetoresistance, and it can be understood from their spin
filtering properties, similar to the results shown in figure 2.
Note that the MR plots are not entirely anti-symmetric about
zero magnetic field; e.g. the L-cysteine QDs have a positive
MR that saturates at approximately 0.4% and a negative MR
that saturates at approximately -0.3%. This behavior may
arise because of the asymmetric tunnel barrier for the device,
namely Au as the bottom contact and Ni as the top contact
influencing the spin injection properties. While the chiral QD
devices show an approximately anti-symmetric MR response,
the achiral QDs show a symmetric MR response. The symmet-
ric response for CdSe/CdS core-shell nanoparticles has been
reported previously [38, 39], and the shape of the response has
been attributed to a spin blockade mechanism which depends

on field magnitude but is not dependent on the field orienta-
tion. Note that the QD films were about 50% coverage, or less,
in this study and the magnitude of the MR response might be
improved if more dense films or multilayer films were studied.

Interestingly, if one considers the chirality of the cysteine
molecules alone then the magnetoresistance results shown in
figure 4 for the cysteine capped QDs are opposite in direc-
tion to those for the Al,O3 coated SAMs shown in figure 3.
This difference correlates with the inversion in the Cotton
effect observed for cysteine bound to the CdSe QD surface
as compared to free cysteine. Namely, the sign of the circular
dichroism signal is opposite for the molecules in solution and
for the case when the molecules are attached to the QD. This
observation suggests that the asymmetry in the MR signal is
associated with the chirality of the electronic state and that
the charge transport through the QDs occurs through a chiral
pathway.

Figure 5 shows data for a third type of MR device that is
comprised of an organic spin filter layer. Formation of repro-
ducible ‘sandwich’ like devices with organic molecules has
been a challenge, because the deposition of metals or metal
oxides can damage the organic molecules and their organiza-
tion on a surface [40—44]. In recent studies, we found that a
good alternative to atomic layer deposition or evaporation of
oxides or metals is the use of a conductive polymer that is
spin coated on top of the organic layer and then protects it
from the metal film that is deposited on the conductive poly-
mer. Figure 5 presents the MR signal obtained with a device in
which a film made from purple membrane that includes bacte-
riorhodopsin is deposited on top of a FM substrate and the top
contact is made from conductive polymer. A gold electrode is
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deposited on top of the polymer. Panel (A) shows the symmet-
ric response that is expected for the achiral conductive polymer
film; i.e. it does not spin filter the electron current. In contrast,
the MR curves in panel (B) are asymmetric; i.e. it shows an
interesting dependence that results from a superposition of the
MR obtained with chiral molecules in the bacteriorhodopsin
film (see e.g. figure 3) and the reference response obtained
with achiral organic molecules, the polymer in this case (see
figure 5(A)) [13, 45, 46]. The results clearly indicate that in
the case of the device with the chiral bacterirhodopsin (BR),
the electrons transmitted from the substrate through the chiral
molecules are spin polarized.

4. Summary

The creation, manipulation, and detection of spin current
in nanostructures are the major aspects of spintronics. We
presented here a new scheme for improving the performance
of spin injectors and simplifying their production. These chi-
ral-based spin injectors should allow for an increase in the
density of memory devices [47-51]. The devices presented
here operate on spins polarized parallel or antiparallel to their
velocity and therefore can serve as an important building
block for magnetic memory which is based on perpendicular
magnetization, namely elements that are magnetized perpend-
icular to their surfaces. They also introduce the possibility of
injecting spins from insulators or semiconductors, as well as
metals, making the interfacing of the spin injector with semi-
conductor devices much easier. Because CISS based spin
valves include only a single FM layer, their use as reading
heads for hard disks allow for miniaturization to a single mol-
ecule dimension, in principle.
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