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ABSTRACT: Spin based properties, applications, and devices are typically related to inorganic
ferromagnetic materials. The development of organic materials for spintronic applications has
long been encumbered by its reliance on ferromagnetic electrodes for polarized spin injection.
The discovery of the chirality-induced spin selectivity (CISS) effect, in which chiral organic
molecules serve as spin filters, defines a marked departure from this paradigm because it exploits
soft materials, operates at ambient temperature, and eliminates the need for a magnetic electrode.
To date, the CISS effect has been explored exclusively in molecular insulators. Here we combine
chiral molecules, which serve as spin filters, with molecular wires that despite not being chiral,
function to preserve spin polarization. Self-assembled monolayers (SAMs) of right-handed
helical (1-proline)s (Prog) and corresponding peptides, N-terminal conjugated to (porphinato)
zinc or meso-to-meso ethyne-bridged (porphinato)zinc structures (ProgPZn,), were
interrogated via magnetic conducting atomic force microscopy (mC-AFM), spin-dependent
electrochemistry, and spin Hall devices that measure the spin polarizability that accompanies the
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charge polarization. These data show that chiral molecules are not required to transmit spin-polarized currents made possible by
the CISS mechanism. Measured Hall voltages for ProgPZn,_; substantially exceed that determined for the Prog control and
increase dramatically as the conjugation length of the achiral PZn, component increases; mC-AFM data underscore that
measured spin selectivities increase with an increasing ProgPZn; ; N-terminal conjugation. Because of these effects, spin-
dependent electrochemical data demonstrate that spin-polarized currents, which trace their genesis to the chiral Prog moiety,
propagate with no apparent dephasing over the augmented ProgPZn, length scales, showing that spin currents may be
transmitted over molecular distances that greatly exceed the length of the chiral moiety that makes possible the CISS effect.

B INTRODUCTION

Molecular electronics promises both new opportunities for
device miniaturization and possibilities for revolutionary device
concepts. For example, organic spintronics has garnered
significant attention since the discovery of the giant magneto-
resistance effect in Alq; films sandwiched between ferromag-
netic (FM) electrodes." Leveraging charge carrier spins in
organic material-based devices defines an appealing approach
to processing and carrying information at high frequencies and
low voltages.2 However, realizing organic spintronic devices is
hindered by the complexity of making organic—inorganic
contacts, underscored by the need to inject spin-polarized
electrons from inorganic FMs into organic molecules.
Although organic semiconductors (OSCs) can provide
intrinsically low spin—orbit coupling, conventional OSCs
provide only modest spin free mean path lengths.’™'°
Furthermore, the Schottky barrier between the FM and the
OSC can cause spin depolarization, which limits the spin
injection efficiency."’

The chirality-induced spin selectivity (CISS) effect,'>™" in
which chiral organic molecules serve as spin filters, opens new
possibilities in organic spintronics because it operates at
ambient temperature and paves the way to generating spin
currents in the absence of an FM. The CISS effect arises from a
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coupling between the spin and the linear momentum of an
electron via the chiral electrostatic potential of the molecule. In
the electron’s rest frame, the current transmitted through the
chiral molecule generates a magnetic field proportional to the
velocity of the moving electron and the electric field operating
on the electron. This effective magnetic field acts on the
electron’s magnetic moment, stabilizing one spin state and
destabilizing the other. For this reason, the tunneling
probability of an electron through a chiral system depends
on its spin.13

Although the CISS effect has been demonstrated in self-
assembled monolayers (SAMs) composed of a wide range of
chiral structures that include low-molecular-weight mole-
cules,'® DNA,"'*'7'¥ oligopeptides,'’ and proteins,”’ spin-
polarized currents realized by this mechanism have thus far
been transmitted exclusively through chiral molecular insu-
lators. Theoretical treatments, however, suggest the central
importance of coherent charge transmission and resonant
tunneling in determining CISS effect magnitudes.”’ A related
and equally important issue for the development of CISS-based
spintronics concerns factors that drive spin current dephasing.
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Namely, once a spin current has been generated via tunneling
through a chiral molecule, to what extent may it persist
through an appended achiral structure?

Figure la depicts a family of compositions fabricated to
probe these issues. These structures all feature a poly(r-

Figure 1. (a) Structures of ProgPZn, molecules in which the thiol-
terminated Prog unit adopts the right-handed PPI helical structure. Ar
= 2/,6'-bis(3,3-dimethyl-1-butyloxy)phenyl. (b) Structure of
ProgPZn, with van der Waals spheres at 90%.

proline) unit (Pro;) that adopts a polyproline I, right-handed
helical twist (Figure 1b) in which the C-terminus has been
conjugated to 2-amino-ethanethiol. N-terminal coupling of
(4R)-azido-L-proline to Pro, provides the Prog peptide with
functionality for click-mediated conjugation to meso-ethynyl-
terminated (porphinato)zinc and multi-[ (porphinato)zinc]
structures (PZn,_;) to give ProgPZn,_; (Figure 1; Supporting
Information).

B EXPERIMENTAL SECTION

A description of the synthesis and characterization of all new
compounds, detailed reaction schemes, device design, fabrication, and
characterization, methods used to prepare and characterize self-
assembled monolayers, and instrumentation utilized in this study may
be found in the Supporting Information.

B RESULTS AND DISCUSSION

PZn, and PZn; belong to a larger class of meso-to-meso
ethyne-bridged (porphinato)zinc(II) structures (PZn,
oligomers) that manifest exceptional electro-optical properties
that include substantial polarizabilities and low-lying singlet
states that are aligned exclusively along the long molecular
axis.””'" ESR data acquired for charge-doped PZn, demon-
strate globally delocalized hole and electron polaron states
through substantial oligomer lengths™ and corresponding spin
relaxation times 3 orders of magnitude greater than that
established for classic organic semiconductor Alg,;.”” Scanning
tunneling microscopy break-junction measurements show that
metal-(thiol-PZn,-thiol)-metal junctions express quasi-ohmic
resistances and afford one of the lowest f values (f = 0.034
A7 ie, the phenomenological resistance decay parameter
across the barrier) yet determined for thiol-terminated single
molecules.”” Corresponding measurements, made for bulk
molecular electronic devices fabricated from monolayers of
these molecules, highlight identical distance-dependent
resistances.”* Collectively, these properties suggest the
potential utilty of PZn, to suppress spin randomization
following the production of a polarized spin current via the
CISS mechanism in a device configuration.

Self-assembled monolayers (SAMs) of Prog and ProgPZn,_,
were adsorbed on a Au-coated GaN/AlGaN two-dimensional
electron gas (2DEG) structure that is integrated into a spin
polarization Hall device configuration (Figure 2a).>*® The
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Figure 2. (a) Schematic of the spin polarization Hall device’*** used

to measure the charge polarization-induced spin polarization driven
by the chiral Prog and ProgPZn, ; SAMs. The top gate electrode
(blue) is used to apply an electric field. The electrode is insulated
from the electrolyte solution; therefore, no faradaic current flows
between the gate and the Hall device. (b) Corresponding spin-
dependent electrochemical (SDE) device configuration where the
monolayer-covered Hall bar functions as the working electrode.

SAM preparation was performed under conditions in which
the Prog unit adopts a right-handed polyproline I helix (Figure
lb).27 A constant current/voltage is driven between the source
(S) and drain (D) electrodes through the device, and the Hall
voltage is measured between the H1 and H2 electrodes along
the direction perpendicular to the current flow.”>*° By
applying an electric field between the gate electrode and the
device, the SAM is charge-polarized. If this charge polarization
is accompanied by spin polarization, then a Hall voltage is
measured.”® Spin-dependent electrochemical (SDE) measure-
ments may also be carried out using the same device when the
2DEG structure is configured as the working electrode in a
standard three-electrode electrochemical cell.”> While the
cyclic voltammetric (CV) response is measured, the Hall
potential is monitored simultaneously, providing information
regarding the spin selectivity of the redox reaction. The Hall
voltages result from the continuous nonequilibrium spin-
polarized current that flows from the Au-coated GaN/AlGaN
layer through the SAMs. The accumulated spin polarization at
the GaN/AlGaN/SAM interface generates a magnetic field
capable of being detected by the Hall devices. The measured
layer heights of the SAMs in these devices range between 11
(Prog) and 27 A (ProgPZn;) (Supporting Information).

The spin polarization that accompanies charge polarization
in Prog and ProgPZn,_; SAMs was measured using sequential
gate pulses from 10 to 10 V at 2 V intervals (Figure 3a). Note
that relative to Prog monolayers, ProgPZn; SAMs, in which an
achiral PZn unit is covalently attached to the N-terminal
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Figure 3. Polarization experiments performed on spin-Hall devices
(Figure 2) as a function of monolayer composition. (a) Hall potential
measured as a function of gate voltage for Prog- and ProgPZn,_;-
based devices. (b) Hall potential measured concurrently with CV
responses recorded during the SDE experiments. The slopes of the
CV responses are consistent across these Prog- and ProgPZn, ;-
SAM-based devices, indicating that spin polarization has been
unaffected by PZn, conjugation to the Prog oligomer. All measure-
ments were carried out in 0.1 M PBS buffer. SDE experimental
conditions: potentiometric window = —0.4 to 0.8 V; scan rate = 50
mV/s; working electrode = Hall bar; counter electrode = Pt wire;
reference electrode = Ag wire.

peptide of the Prog unit, have no influence on the nature of the
observed spin-selective polarization. Instead, ProgPZn; man-
ifests more than an order of magnitude amplification of the

observed spin polarization relative to the corresponding Prog
monolayer. Furthermore, as the Prog terminal conjugation
increases, the spin polarization magnitude is progressively
amplified (Figure 3a). These Figure 3a data are compelling in
multiple respects. (i) As polarization modulation—infrared
reflection—adsorption spectroscopy (PM-IRRAS) and ellips-
ometry data demonstrate, Hall bar loading densities for these
ProgPZn, SAMs are essentially identical to those determined
for benchmark CISS studies of 30 base pair double-stranded
DNA (30bp-dsDNA; Supporting Information).”® It is note-
worthy that the Hall voltage response measured for ProgPZn,
exceeds that for 30bp-dsDNA in identical devices. Because
30bp-dsDNA spans a molecular length scale of >100 A, these
data show that Hall potentials of this magnitude may be
realized over modest molecular distances (ProgPZn, = 35 A)
while exploiting a chiral molecule '/, as long as this ds-DNA
benchmark. This effect likely originates in part from the fact
that the phenomenological resistance decay parameter for
charge tunneling through B-DNA is ~0.64 A™1*” whereas the
corresponding Pro, f value has been determined to be 0.15
A7 (ii) The magnitudes of the Hall voltage responses
measured as a function of gate voltage show an unprecedented
dependence upon molecular length: Hall voltages determined
for ProgPZn,_; substantially exceed that determined for the
Prog control and increase dramatically relative to the Prog
benchmark as the conjugation length of the achiral PZn,
component increases. Furthermore, the magnitude of the
observed Figure 3a sigmoidal response parallels the extent of
conjugation. These data indicate that highly polarizable PZn,
structures,* ® despite lacking chirality, can dramatically
augment the charge-polarization-induced spin polarization of
chiral Prog molecules. These Figure 3a dependences are
congruent with the established conjugation-length-dependent
polarizabilities of PZn, structures and the fact that the
measured molecular resistances of these species, ordered at
Au interfaces, track with valence band energies, which diminish
with increasing molecular length.”*
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Figure 4. Schematic of the magnetic conducting atomic force microscopy (mC-AFM) experimental setup (a). A permanent magnet (0.3 T) was
aligned with the substrate to polarize electron spins within the substrate Ni layer. Details regarding this experiment have been described previously
(Supporting Information)."* Measurements were carried out on Prog and ProgPZn,_; SAMs formed on Si wafers coated with successively thin
layers of Ti/Ni/Au (10:120:10 nm). The four panels highlight the I—V responses acquired for (b) Prog, (c) ProgPZn,, (d) ProgPZn,, and (e)
ProgPZn; over a —2 to 2 V potentiometric window; blue and red traces reflect the magnetic field orientation.
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SDE measurements, determined concurrently with these
charge-polarization-induced spin polarization experiments with
these Prog and ProgPZn,_; spin Hall devices (Figure 3b),
further highlight the spin-polarizing utility of ProgPZn,
compositions. Note the remarkable dependence of the Hall
voltage on the Hall bar working electrode potential in which
virtually superimposable responses are determined for Prog,
ProgPZn,, ProgPZn,, and ProgPZn,. These data demonstrate
that spin-polarized currents, which trace their genesis to the
chiral Prog moiety, propagate with no apparent dephasing over
augmented distances because of the agency of the PZn, unit.
Note in this regard that the PZn; length scale (~35 A)
substantially exceeds that of the chiral moiety (Prog: length =~
15 A), responsible for inducing the CISS effect. These results
underscore the utility of meso-to-meso ethyne-bridged
(porphinato)metal oligomers that possess long-spin relaxation
times”” and support global charge delocalization in spintronics
applications.>*

Spin-polarized currents, generated via these ProgPZn,
SAMs, were also characterized using magnetic conducting
atomic force microscopy (mC-AFM), a well-established
method for measuring spin-selective conduction through
molecular SAMs."* In these experiments, the substrate is
biased relative to the tip, which is grounded. Note that when
the substrate is negatively biased, electrons are injected from
the majority spin density of states, just below the Fermi level,
and when the substrate is positively biased, spins are injected
into the minority density of states just above the Fermi level.
Hence, for the same substrate magnetization the electrons
injected out have one spin whereas those that are injected in,
from the monolayer, have the opposite spin. Prog and
ProgPZn, SAMs were formed on Si wafers coated with
successively thin layers of Ti/Ni/Au (10:120:10 nm). A
permanent magnet (~0.3 T), placed underneath the substrate,
controls the spin alignment in the Ni substrate layer either
parallel or antiparallel to the current direction. A Pt-coated
AFM tip was used to measure the spin current passing through
the SAMs as the substrate was biased potentiometrically
between —2 and 2 V (Figure 4). Figure 4b—e displays the
average I—V responses in these mC-AFM experiments
obtained when the Ni spins are either pointing up or down;
the Supporting Information provides the corresponding
statistical data. Note that when these measurements are
conducted in the absence of a magnetic field, the IV responses
reflect a simple average of those obtained with the magnet
pointing up and down. The nearly antisymmetric nature of the
I-V responses obtained for all of the Prog and ProgPZn,
SAMs in these mC-AFM experiments indicates that the
conduction of one spin is dominant as current flows from the
substrate to the AFM tip whereas the opposite spin is
dominant as current flows in the other direction. These Figure
4 mC-AFM data corroborate (i) that the Prog SAM spin-
polarized current is maintained in corresponding ProgPZn,
SAMs and (ii) that these spin current conductance
probabilities are modulated by the PZn, conjugation length.
The fact that spin selectivity increases with increasing
conjugation length indicates that the difference between the
effective barriers for the conduction of spin parallel or
antiparallel to the electrons’ velocity is amplified with
augmented PZn,, polarizability, consistent with the conjugation
length- and valence band energy-dependent molecular
resistances evaluated for these systems,””** and the extent of
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charge-polarization-induced spin polarization determined in
the spin Hall device experiments (Figure 3a).

B CONCLUSIONS

This work shows that once a spin-polarized current is
generated by the CISS mechanism via charge tunneling
though a chiral molecule, chiral structures are not required
to further propagate this spin-polarized current. The
combination of spin Hall device, spin-dependent electro-
chemical, and magnetic conducting atomic force microscopy
data, acquired for these Prog and ProgPZn, systems,
demonstrates that once a spin current has been generated via
tunneling through a chiral oligoproline unit, it persists through
the appended achiral PZn, structure, which, in contrast to
Prog, " supports extensive charge delocalization®® and a low /3
value (B = 0.034 A7'; ie, the phenomenological resistance
decay parameter across the barrier).””> These Prog-appended
PZn,, species suppress the spin randomization of the polarized
spin current generated via the CISS mechanism: charge-
polarization-induced spin polarization determined in spin Hall
devices evince that Hall voltages for ProgPZn,_; substantially
exceed that determined for the Prog control and increase
dramatically as the conjugation length of the achiral PZn,
component increases. Similarly, mC-AFM data show that the
spin selectivity increases with the increasing ProgPZn, ;
length scale, highlighting that the difference between the
effective barriers for the conduction of the two spin states of
the electrons is amplified with augmented PZn, polarizability.
Because of these effects, spin-dependent electrochemical data
demonstrate that spin-polarized currents, which trace their
genesis to the chiral Prog moiety, propagate with no apparent
dephasing over the augmented ProgPZn, length scales,
demonstrating that spin currents may be transmitted over
molecular distances (e.g,, PZny ~ 35 A) that greatly exceed the
length of the chiral moiety (Prog &~ 15 A) responsible for
inducing the CISS effect. Furthermore, because spin-polarized
currents, realized by the CISS mechanism, have until now been
generated and propagated only through chiral molecular
insulators, this work underscores the exceptional properties
of PZn, oligomers: because these compositions manifest (i)
apparent coherent charge transport where tunneling, reso-
nance, and hog)ping processes all contribute to current
mediation”>**** and (ii) long spin relaxation times,”” these
and related structures define compelling platforms for
molecular spintronics applications.
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