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Abstract

Spin selectivity in photoemission from ferromagnetic substrates functionalized with chiral organic
films was analyzed by ultraviolet photoelectron spectroscopy at room temperature. Using radiation
with photon energy greater than the ionization potential of the adsorbed molecules, photoelectrons
were collected that originated from both underlying ferromagnetic substrates and the organic
films, with kinetic energies in the range of ca. 0-18 eV. We investigated chiral organic films
composed of self-assembled monolayers of a-helical peptides and electrostatically adsorbed films
of the protein, bovine serum albumin, with different a-helix and -sheet content. Ultraviolet
photoelectron spectral widths were found to depend on substrate magnetization orientation and
polarization, which we attribute to helicity-dependent molecular ionization cross sections by
photoelectron impact, possibly resulting in spin-polarized holes. These interactions between spin-
polarized photoelectrons and chiral molecules are physically manifested as differences in the
measured photoionization energies of the chiral molecular films. Substrate magnetization-
dependent ionization energies and work function values were deconvoluted using surface charge
neutralization techniques, permitting the measurement of relative spin-dependent energy barriers
to transmission through chiral organic films.
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INTRODUCTION

Enantioselective interactions between chiral molecules and electrons that depend on electron
helicity, that is, the projection of an electron’s spin angular momentum on its linear
momentum, enable the generation and manipulation of spin-polarized electrons at room
temperature.!-2 This spin-filtering phenomenon is attributed to the chiral-induced spin
selectivity (CISS) effect,3- analogous to electron dichroism by gas-phase chiral molecules,

6.7 and has attracted recent attention in studying charge transfer8-13 14-17

and polarization
over a wide range of dissymmetric molecular systems. Spin polarization in photoelectron
transmission through chiral organic monolayers has been measured explicitly, using both
linearly and circularly polarized radiation to emit unpolarized or longitudinally polarized
photoelectrons, respectively, from noble metal substrates.!8-2! In these studies, photon
energies lower than the ionization potentials of the adsorbed organic films were used to
excite photoelectrons solely from the underlying metal surfaces. However, little is known
about the relative energetic barriers to transmission of spin-up vs spin-down electrons
through chiral organic films within this charge transport regime, or how the use of ionizing

radiation may influence spin-dependent photoemission from chiral molecular films.

Herein, using ultraviolet photoelectron spectroscopy (UPS), we characterized the valence
electronic structure of ferromagnetic multilayer (FM) surfaces with adsorbed chiral
molecules as a function of molecular chirality and secondary structure, substrate
magnetization orientation, average substrate polarization magnitude, and photoemission
angle. Using unpolarized ionizing radiation from a helium-ion ultraviolet light source (He I
emission line), we collected primary and secondary valence photoelectrons that originated
from both the FM substrates and adsorbed chiral molecule films composed of a-helical
peptides, or proteins with varying a-helix and -sheet content. Our experiments were
designed to deconvolute potential mechanisms of room-temperature spin filtering in
photoemission by ionizing radiation, and to measure the relative energy barriers to over-the-
barrier transmission of spin-up vs spin-down electrons through chiral molecular assemblies.
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The experimental schematic for the UPS measurements is illustrated in Figure 1. Spin
selectivity in photoemission from FM substrates functionalized with chiral organic films
may be attributed to the following possible processes. Nominally, the spin polarization of
photoelectrons from FM substrates reflects the polarization within the material itself; an
incident photon excites an electron below the Fermi level to a final state with identical spin.
22.23 However, when FM substrates are functionalized with chiral films, the spin polarization
of photoelectrons emitted from the metal depends on the chirality of the adsorbed molecules
that act as spin filters. Spin filtering is due to the asymmetric scattering probabilities of
electrons with opposite helicity, and spatial structure of unoccupied high-lying states.!8-21.24
Compared to randomly dispersed molecules in the gas phase, surface assemblies impart
orientation and alignment that enhances and focuses asymmetry in scattering of low kinetic
energy electrons. The higher density of molecules within a film compared to that within the
gas phase enables the interaction of photoelectrons with strengthened chiral fields due to
proximity effects.24

The work function (¢), defined as the difference between the photon energy, iv (21.22 eV),

and the binding energy of the secondary electron cutoff (i.e., maximum binding energy),
Emax .
B

p=hv —Ep™ (1)

of FM surfaces should depend on both the magnetization orientation of the FM substrate,
and on the molecular handedness. This value represents the energy barrier to remove an
electron from the solid surface to a point in the vacuum infinitely far from the surface. Thus,
when the spin state of majority-spin electrons match the preferred spin orientation of
electrons transmitted through chiral monolayers, a lower ¢ is expected.

If the photon energy is higher than the ionization potential of the organic film, such as in
UPS measurements, electrons are also collected from occupied electronic states within the
organic films by ionizing the adsorbed molecules. Spin-polarized photoemission by
ionization of surface adsorbates has been detected using circularly polarized light, which is
solely a result of spin-orbit interactions that depends on the helicity of the incident photons,
and is therefore more prominent in high-Z systems.23 Photoemission from diamagnetic
molecules using unpolarized or linearly polarized radiation, however, is not expected to
yield spin-polarized photoelectrons.20

Still, ionization of chiral molecules by impact of photoelectrons with sufficient energy that
originate from the metal surface may be electron helicity dependent. Ionizing collisions
between spin-polarized electrons and atomic targets show helicity-dependent cross sections
resulting from electron exchange and angular-momentum coupling, even for non-relativistic
(small spin-orbit coupling) models.2”-28 Moreover, scattering of secondary electrons within a
chiral film that leads to spin polarization may leave behind an excess of holes of a particular
spin state upon ionization, dictated by the handedness of the organic material and/or helicity
of the scattering electron.
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The photoionization energy of the organic film (/) is defined as the energy difference
between the photon energy and the width of the photoelectron spectra:

I=hv - (B -E}")=hv -W (2

min

where E B

and W represent the valence band edge (7.e., minimum binding energy) and the

spectral width, respectively. An electron-helicity-dependent ionization cross section would
be physically manifested as a dependence of I on substrate magnetization orientation,
resulting from a different buildup of positive charges in an organic layer for FM substrates
magnetized up vs down. Note that ensemble photoionization potentials of the films would
then be oppositely related to the propensity of electron helicity- and chirality-dependent
molecular ionization by electron impact. Additionally, if the holes within the chiral organic
films are spin polarized, they must be filled by electrons with a matching spin state supplied
from the grounded FM substrate.2? In this case, holes would be more efficiently filled when
substrates are in the preferred magnetization orientation, corresponding to a lower /. In the
opposite magnetization orientation, a greater accumulation of positive charge within the
chiral organic layer would result in a higher 1.

Finally, spin polarization may occur solely via electron transfer by conduction from the
underlying metal to neutralize the buildup of positive charge within organic films during
measurements with a dependence on the handedness of the organic layer. The CISS effect

1112 and spin-

has been demonstrated within this charge-transfer regime for bound electrons,
valve-like architectures between FM layers and chiral molecules show high- or low-
resistance states dictated by the substrate magnetization orientation and molecule chirality.
8.9.13.20 Thys, differences in I between substrate magnetization orientations may result from

spin-dependent charge transfer through the chiral organic molecules.

Ferromagnetic Substrate Characterization.

Ferromagnetic substrates with perpendicular magnetic anisotropy were grown on glass
substrates with a composition of Ta 3/Pt 2/[Co 0.6/Pt 0.3]g9/Co 0.6/Au 1 (layers in nm) and
used for UPS measurements. While the thin layer of Au is insufficient to prevent partial
oxidation of the first underlying Co layer(s) (Figure S1), it enables the formation of stable
molecular films of thiolated molecules due to the formation of robust Au-S bonds, while
also maintaining the polarization of electrons originating from the Co layers.%13

The magnetic hysteresis of this substrate material is shown in Figure 2a. The substrates
retain their magnetization out of the plane of the films upon removal of external magnetic
fields. Substrates were designed with large coercivities (~3 kOe) to prevent loss of initial
magnetization within the instrument chamber due to magnetic fields used to focus
photoelectrons to the detector. As indicated by the slanted shape of the hysteresis curves due
to the large substrate coercivity, our substrate design also made it possible to magnetize
substrates reproducibly to sub-saturation conditions via minor loops (as shown by the open
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symbols in Figure 2a). We investigated conditions for UPS measurements when the
substrates were magnetized with a saturating field of £12 kOe and reverse field of +7 kOe
after saturation to probe different average spin polarizations (i.e., ratio of spin-up to spin-
down electrons) within the FM substrate.

Complete representative ultraviolet photoelectron spectra, and enlarged regions of the
secondary electron cutoff and Fermi edge for bare substrates are shown in Figure 2b and 2c
at full saturation, respectively. No differences in ¢ were measured between opposite
magnetization conditions for bare substrates (Figure 2d). Importantly, these results show that
the influence of remnant magnetic fields at the surface of the perpendicularly magnetized
substrates (attributed to surface roughness) at saturation on emitted photoelectrons is
negligible. Additionally, no significant differences were found in the secondary electron
peak intensities nor total integrated areas of the spectra between substrate magnetization
conditions (Table S1). The energies of the secondary electron cutoffs, Fermi edges, and ¢
can be found in Table S2.

Spin-Selective Photoemission from L-Peptide Monolayers.

We investigated right-handed a-helical peptides (henceforth L-peptides) composed of (N
terminus — C terminus) [K(Aib)A(Aib)A]¢KC, where K, A, and C represent the amino acid
residues lysine, alanine, and cysteine, respectively. The achiral 2-aminoisobutyric acid (Aib)
residues were used to stabilize the a-helical secondary structure of the peptides,'? which
was confirmed in solution by circular dichroism spectroscopy (Figure S2). Self-assembled
monolayers (SAMs) of L-peptides were formed on FM substrates by binding of the thiol
functional group of cysteine residues on the C-termini of the oligopeptides to the Au
capping layers (Figure 3a). Peptide assembly on FM surfaces was confirmed by the presence
of amide I and II stretching bands observed via infrared reflection-absorption spectroscopy
(Figure S3a).

Full representative ultraviolet photoelectron spectra and enlarged regions of the secondary
electron cutoff and valence band edges of L-peptide SAMs are shown in Figures 3b and 3c,

m

respectively. The average energies of Ej;"" and E* measured for each magnetization

condition are shown in Figure 3d.

Two-way analysis of variance showed a significant interaction between substrate
magnetization orientation and saturation condition for / when FM substrates were
functionalized with L-peptide SAMs. Post hoc analysis revealed that ionization energies
were significantly /ower when the magnetization of substrates were oriented up vs down
only when FM substrates were fully magnetized (Figure 3e, **P < 0.01). When the spin
polarization of the substrate was lowered by magnetizing the samples with a sub-saturating
field, no significant differences between magnetization orientations were found. These data
indicate that both the magnetization orientation and the magnitude of the average spin
polarization of the substrate influenced the measured ionization energies for L-peptide
SAMs on FM substrates.

J Am Chem Soc. Author manuscript; available in PMC 2020 March 06.
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The negative shift in ¢ of the substrates upon L-peptide functionalization indicates covalent
binding of the thiolated cysteine residues to the metal surface due to the positive dipole (C
terminus — N terminus) of the a-helices pointing away from the surfaces (Table $2).30-32
However, no significant differences in ¢ were determined between magnetization
orientations at saturation. Furthermore, no significant differences in secondary electron peak
intensities nor total integrated areas of the spectra were determined between substrate
magnetization orientations under either full or sub-saturation conditions (Table S2).

Because our laboratory axis of electron spin polarization within the FM substrates is defined
as the surface normal (up vs down), and because spin polarization by the CISS effect is

expected to be along the axis of helical molecules,33-40

we hypothesize that molecular
orientation influences the observed dependence of ionization energy on substrate
magnetization. The alignment of the L-peptides was determined by measuring the
thicknesses of SAMs on FM surfaces by ellipsometry (Table S3). The average thickness of
L-peptide SAMs was 3.7 £ 0.5 nm. Assuming a rise of 0.15 nm per amino acid residue, the
length of a peptide of 32 resides would be 4.8 nm. Thus, the measured thickness may be a
result of off-normal orientation (ca. 40° relative to the surface normal) of the L-peptide
molecules within the SAMs, or incomplete coverage due to the surface roughness induced in

film growth to increase substrate coercivity (Figure S4).

We also tested for dependence of I on the substrate magnetization orientation when
collecting photoelectrons at angles of 15° and 30° relative to the surface normal by tilting
the samples (Figure 3f). While peak intensities and integrated areas decreased with
increasing angle of photoemission (Figure S5), differences between substrate magnetization
conditions remained insignificant. Two-way analysis of variance showed no significant
interaction between substrate magnetization orientation and collection angle (0°, 15°, and
30° relative to the surface normal) for I. This finding indicates that 7 does not depend on
both magnetization orientation and angle. However, post hoc analysis revealed that
ionization energies were significantly /ower when the magnetization of substrates were
oriented up vsdown at all three angles (*P < 0.05). These results suggest that the relative
differences in I are indirectly related to spin-selective effects in photoelectron interaction

with the chiral films (vide infra).

Notably, all peptide SAMs were assembled after clean FM substrates were first magnetized
up or down. Spin-specific interactions have been shown to occur upon adsorption and charge
transfer when chiral molecules bind to ferromagnetic substrates, resulting in magnetization
induced by the proximity of adsorbed chiral molecules.!> Recently these surface-charge-
mediated interactions enabled the enantiomeric separation of racemic mixtures by achiral
ferromagnetic substrates.'® The rates of adsorption of one enantiomer vs the other on
substrates magnetized up vs down were different, even though binding energies are identical.
Thus, preferential adsorption of one enantiomer over another based on substrate
magnetization was hypothesized to occur on short time scales (on the order of seconds).!0
These transient interactions may be analogous to long-range substrate-mediated
intermolecular interactions that govern molecular ordering and alignment, such as in the
nascent stages of SAM formation, surface catalysis, and nanostructure formation.#1:42

Molecular films move towards (although never reach) thermodynamic equilibrium during
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SAM formation,*1-43-45 which likely explains the reduced enantioselectivity in adsorption
observed by Banerjee-Ghosh et al. at longer time scales.!®

Herein, SAMs were formed over 48 h, so differences in SAM stabilities or densities between
substrate magnetization orientations for the same enantiomer should be negligible. We
compared C 1s regions of X-ray photoelectron spectra collected from L-peptide SAMs to
test if the density of L-peptides on the surfaces depended on the initial magnetization of the
substrates (Figure S6a). We found that there was no significant difference in the total
integrated areas of the C 1s peaks between substrates initially magnetized up vs down,
suggesting negligible dependence of L-peptide film formation on substrate magnetization
after 48 h of incubation (Figure S6b). Further, we measured / when substrates were post-
magnetized to the opposite orientation following SAM formation, and reproduced our results
from testing L-peptide films on pre-magnetized-only samples (Figure 3e), measuring a lower
ionization energy when substrates were post-magnetized up vs down (Figure S7).

Based on results observed with L-peptide SAMs, we hypothesized that surfaces
functionalized with D-peptide SAMs of opposite chirality (Figure S8), where each K, A, and
C residues are of D-form, would show instead Aigher I when the magnetization of substrates
were oriented parallel to the surface normal. Preparation of SAMs and UPS measurements
(Figure S9) were performed in identical manners to those of L-peptide films. However, two-
way analysis of variance showed no significant interaction between substrate magnetization
orientation and saturation condition, nor significance in the main effects for / when FM

substrates were functionalized with D-peptide SAMs.

We posit that the absence of any dependence of 7 on the substrate magnetization may be due
to poorer SAM quality of D-peptides vs L-peptides. Despite appearing nearly
indistinguishable by atomic force microscopy (Figure S10), the average thickness of D-
peptide SAMs was 1.9 £ 0.3 nm (Table S3), suggesting an even poorer surface coverage or
greater tilt (ca. 67° relative to the surface normal) compared to that of Z-peptide SAMs.
These results reflect the lower signal intensity measured in infrared reflection-absorption
measurements (Figure S3). Deviation of molecules from alignment normal to the surface
should result in lower spin-filtering efficiency. Further, higher densities of chiral molecules
are expected to yield larger spin polarization in electron transmission due to wavefunction
overlap with multiple molecules.2**® Thus, we attribute the absence of substrate
magnetization dependence of the ionization potential of D-peptide SAMs to low surface
coverage.

We also tested mixed SAMs composed of Z- and D-peptides formed from racemic mixtures.
While SAMs formed from racemic mixtures may result in phase separation into homochiral
conglomerates,*2#7 because each photoelectron spectrum represents an ensemble
characterization of the surfaces, dilution of L-peptide SAMs with molecules of the opposite
chirality in this manner was hypothesized to result in no net measurable spin selectivity in
photoemission. Indeed, there were no observable differences in I between substrate
magnetization orientations when fully saturated (Figure S11). These results agree
qualitatively with the seminal work done by Ray et al., who observed that enantioselectivity
in the transmission of spin-polarized photoelectrons emitted from Au using left- vsright-
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handed circularly polarized light through films of L-stearoyl lysine films disappeared when

films were formed with minor (1%) impurities of D-stearoyl lysine.2*

Spin-Selective Photoemission from Protein Films.

To investigate the influence of structure and orientation on spin-selective photoemission,
ultraviolet photoelectron spectra were also compared between FM substrate magnetization
conditions when surfaces were functionalized with adsorbed films of the protein, bovine
serum albumin (BSA), in unmodified vs thermally denatured (ABSA) conditions (Figure 4a).
Adsorption of BSA on various surfaces has been widely investigated, and generally, higher
densities are achieved using charged substrates compared to hydrophobic surfaces.*8:4
Thus, positively charged SAMs of achiral 11-amino-1-undecanethiolate (AUT) monolayers
were formed first on FM substrates (Figure S12) to facilitate the electrostatic binding of
BSA molecules by association with negatively charged residues on the proteins.>°

In its native conformation, the globular protein, BSA, is composed of multiple right-handed
a-helical subunits with ca. 60% structural helicity. However, upon adsorption on surfaces
and dehydration, conditions necessary for the experiments performed herein, pristine
secondary structure is lost, with a decrease in structural helicity and slight increase in -
sheet content.”!-32 When irreversibly denatured due to heating prior to surface assembly,
greater loss of structural helicity and conversion to conformations with higher composition
of B-sheets is evident by circular dichroism spectroscopy (Figure S13).53 Infrared reflection-
absorption spectroscopy confirms the greater B-sheet content of dBSA when dried on FM
substrates based on analysis of the amide I band with reduction of absorbance in the range
1655-1650 cm™!, attributed to a-helical composition, and increase in absorbance in the
range 1685-1633 cm™!, due to B-sheets (Figure S14).%* Still, the chemical nature of the
protein is not lost by thermal denaturation as evidenced by comparison of the nearly
identical C 1s, N 1s, and O 1s regions of high-resolution X-ray photoelectron spectra for
BSA and dBSA films on AUT SAMs (Figure S15). Thus, films composed of dBSA have
reduced a-helicity, but maintain chirality due to the Z-amino acid subunits within the
reorganized proteins.

The energies of the secondary electron cutoffs and valence band edges of ultraviolet
photoelectron spectra obtained from FM substrates functionalized with AUT SAMs and
BSA or dBSA films at full- and sub-saturation magnetization conditions (Figure S16) are
shown in Figure 4b. Similar to the measurements of Z- and D-peptide SAMs, no significant
differences in secondary electron peak intensities, total integrated area of the spectra, or ¢
were determined between substrate magnetization orientations for each condition (Tables
S1,2).

Two-way analysis of variance showed no significant interaction between substrate
magnetization orientation and saturation condition, nor significance in the main effects for /
when FM substrates were functionalized with BSA films (Figure 4c). We attribute the
absence of the dependence of spectral widths on magnetization condition to the random
orientation of disordered a-helical subunits and overall lower a-helical content that occurs
upon surface adsorption, as indicated by infrared reflection-absorbance spectroscopy,
compared to that of well-aligned L-peptide SAMs.

J Am Chem Soc. Author manuscript; available in PMC 2020 March 06.
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Alternatively, two-way analysis of variance showed significant interactions between
substrate magnetization orientation and saturation conditions for / when FM substrates were
functionalized with AUT SAMs and dBSA films (Figure 4d). Post hoc analysis showed that
values of I were significantly higher when the magnetization of substrates were oriented up
vs down only when FM substrates were fully magnetized (* P < 0.05). Again, when the spin
polarization of the substrate was lowered by magnetizing the samples with a sub-saturating
field, no significant differences between magnetization orientations were found.

No differences in / were measured between opposite magnetization orientations of FM
substrates at full saturation when functionalized with achiral AUT SAMs only (Figure S17).
These results are expected, as no dependence of transmission on electron helicity should
occur if the molecular films are achiral, and provide additional evidence that the
observations for L-peptide SAMs and AUT SAMs with dBSA films are not artifacts
attributed to magnetic fields at the metal surfaces of the FM substrates due to remnant
magnetization of the substrates.

Photoemission Measurements with Surface Charge Neutralization.

The grounded, conductive FM substrates provide a source of (spin-polarized) electrons to fill
holes within the ionized chiral films during measurement. Still, with the exception of bare
FM samples, positive charging of the surfaces under all conditions was evident by a shift in
ultraviolet photoelectron spectra to higher binding energies upon multiple scans on the same
substrates (Figure S18). To test if magnetization-dependent differences in the photoelectron
spectral features were due to differences in positive charging within the films upon
photoelectron-induced ionization, nondestructive (Figure S19) charge neutralization
methods were employed to minimize charging attributed to this possibility.3-5¢

On average, for FM substrates functionalized with L-peptide SAMs, lower values of I were
measured with charge neutralization when compared to the aforementioned measurements
without use of the electron flood gun, indicative of a reduction in the positive charging of the
organic films by this method (Table S2). Using the electron flood gun, no significant
differences in 7 as a function of magnetization orientation were determined at full
magnetization saturation (Figure 5a). These results confirm that positive charging, and thus,
photoionization energies, of L-peptide SAMs upon ionization depend on substrate
magnetization orientation.

In addition, differences in ¢ were observed with charge neutralization between
magnetization orientations as indicated by different shifts in the secondary electron cutoff
positions (Figure 5b). A lower ¢ was measured for FM surfaces functionalized with L-
peptide SAMs when substrates were magnetized up (Figure 5c¢). We hypothesize that shifts
in ¢ became apparent by deconvoluting the influence of substrate magnetization-dependent
charging of the ionized chiral organic films on the photoelectron spectra.

We also tested the influence of charge neutralization on / and ¢ for AUT SAMs with dBSA
films on fully saturated FM substrates between substrate magnetization orientations. Again,
a decrease in 7 was observed compared to measurements without use of the electron flood
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gun, and no differences between magnetization up vs down conditions were determined
(Figure 5d), analogous to measurements with Z-peptide SAMs. However, no substrate
magnetization-dependent differences in ¢ were observed with charge neutralization for AUT
SAMs with dBSA films (Figure 5Se,f). We attribute these results to the larger thicknesses of
AUT SAMs with dBSA films (9.4 £ 0.4 nm) compared to L-peptide SAMs, as indicated by
ellipsometry measurements (Table S3). The thicker organic layers may attenuate
transmission of photoelectrons originating from the FM substrate sufficiently to prevent
resolution of ¢ differences in our measurements. Further, characterization of AUT SAMs
with adsorbed BSA and dBSA films by atomic force microscopy indicate greater surface
inhomogeneity compared to bare FM substrates, L- or D-peptide SAMs, or AUT SAMs
(Figure S20), which may also mask subtle differences in ¢.

Finally, while electrons from the flood gun are initially unpolarized, we cannot rule out the
possibility that the chiral molecules polarize these electrons. It is unclear if the relative
polarization of electrons in the majority and minority spin subbands of the FM substrates
would then influence charge neutralization of the adsorbed molecules, and thus requires
further investigation.

Testing Spin-Dependent Conduction through Protein Films.

The aforementioned differences in I may also be due to more efficient transfer of spin-
polarized conduction electrons supplied by the underlying metal surface to neutralize the
chiral layers under one magnetization orientation vs the opposite. Electron-helicity-
dependent charge transfer through L- and D-peptides has been reported previously, and is
not tested here.’”-8 To test if BSA or dBSA films can effectively filter electrons transferred
in the tunneling/hopping regime as well, solid-state spin-valve devices were fabricated to
measure spin selectivity in conduction. Non-ferromagnetic Au electrodes, functionalized
with AUT SAMs and BSA or dBSA films, were capped with Ni or Au electrodes with a thin
Al,O3 tunneling barrier (Figure 6a). Due to preferential spin-polarized electron injection
into the minority spin subbands and out of the majority spin subbands within ferromagnetic
materials, dependence of the current on the magnetization orientation of the Ni electrode
would indicate that the protein layers could polarize electron transport through the films. If
Au rather than Ni capping electrodes are used, no significant difference of the current on an
external magnetic field is expected.

The current between the top and bottom electrodes was measured while sweeping the
voltage when an external magnetic field was applied underneath the devices to magnetize
the top Ni electrodes up or down as shown in Figure 6a at room temperature. For each
magnetic field orientation, 60 devices were tested on each of three independently prepared
substrates (inset, Figure 6b), and the average current values for the three substrates are
shown in Figure 6b. In each case, no significant differences in current were determined
between field up vs field down conditions within the error of our measurements.

The characterization of similar device architectures was recently reported by Varade ef al. in
which the magnetoresistance of solid-state bacteriorhodopsin spin valves was measured.>”
While the native secondary structure of both bacteriorhodopsin and BSA contains multiple
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a-helical subunits, unlike in BSA, the helices are well-aligned in bacteriorhodopsin, which
likely enhances its ability to polarize transmitted electrons. Furthermore, the performance of
the devices was enhanced when bacteriorhodopsin was treated with the use of detergents to
stabilize protein secondary structure. Optimization of film deposition and device fabrication
may enable the use of proteins within next-generation solid-state electrical components or
spin valves.2-0-61 However, our results suggest that neither BSA nor dBSA films can
efficiently filter electrons within the conduction regime under the film preparation conditions
used for these UPS measurements.

DISCUSSION

Mechanisms for Magnetization-Dependent Photoionization Energies.

We investigated substrate magnetization-dependent photoemission from FM substrates
functionalized with chiral molecular assemblies. Others have reported experimental and
theoretical investigations of the CISS effect, demonstrating electron helicity-dependent
electron transmission in the low kinetic energy range of 0-2 eV.!8-2124 Alternatively, no
evidence of longitudinal spin polarization was found for photoelectrons with kinetic energies
in the range of 30-760 eV transmitted through chiral DNA SAMs that were assembled on
Au surfaces.%2 By UPS, we probe a previously untested photoelectron kinetic energy regime,
and detect indirectly spin-dependent electron—chiral molecule interactions that may not
necessarily lead to longitudinal spin filtering in transmission at all photoelectron energies.

We found that 7 for chiral molecular films depended on the magnetization orientation and
polarization of the underlying FM metal. While photoionization of chiral molecules with
unpolarized light is not a spin-selective process, we hypothesize that differences in 7 are
related to the buildup of positive charges due to ionization by photoelectron impact. This
hypothesis is consistent with the lack of significant interaction between magnetization
orientation and photoemission angle for L-peptide films when measuring 7 (Figure 3f). Upon
tilting the samples, the relative orientation between average electron spin in the FM metal
and molecules remains unchanged, and while the degree of spin selectivity in photoemission
may depend on the electron direction, the indirect effect of global changes in / would not be
strongly influenced. Two potential explanations are enantioselective and electron helicity-
dependent ionization cross sections in the films, and/or spin-dependent hole formation
(Figure 7). Both mechanisms are rationalized by the emission of electrons with polarizations
reflecting the average valence band polarization from the FM substrates, with kinetic
energies above the ionization energies of the chiral molecules (7.2-7.3 eV). The inelastic
mean free path of photoelectrons with kinetic energies between this threshold and the
maximum kinetic energies probed in these experiments (16—18 eV) is expected to be <10 nm
— short enough to permit scattering interactions with the adsorbed molecules (Table S3).
However, spin-polarized photoelectrons capable of ionizing the molecules represent only a
small fraction of the total photoelectron yield, which may account for the small measured
differences in 1.
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Alternative explanations not involving photoelectron-induced ionization may influence /7 and
could also be consistent with our results. Below, we consider and discuss these possibilities,
the related data, and the consequences of each.

First, asymmetric scattering angles of photoelectrons depending on the handedness of the
adsorbed chiral molecules may be manifested in ultraviolet photoelectron spectra.
Asymmetric forward and backward scattering of photoelectrons emitted from gas-phase
chiral molecules using circularly polarized ionizing radiation has been observed by circular
dichroism in the angular distribution of photoelectrons.63-64 This process is a result of pure
electronic dipole transitions, and does not depend on spin-orbit coupling interactions. This
phenomenon can be observed with achiral molecules as well, provided that they are oriented,
65 and the combined interactions between incident photons and molecular targets exhibit a
defined handedness, which can be induced by precise experimental geometries.25 However,
because unpolarized radiation was used as an excitation source in our experiments,
photoelectron circular dichroism is likely not responsible for the substrate magnetization-
dependent effects described herein. Furthermore, the lack of dependence of I on substrate
magnetization conditions for achiral, yet aligned, AUT SAMs on FM substrates also rules
out this explanation.

Second, if the different surface charging, and thus /, that we measured between substrate
magnetization orientations without charge neutralization were attributed to the capture of
photoelectrons originating from the FM substrate with unfavorable helicity, then 7 and ¢
would be inversely related. Right-handed L-peptides assembled on Au have been shown to
polarize transmitted photoelectrons with their spin oriented antiparallel to the surface
normal.20 Our UPS results with charge neutralization are consistent with these observations;
lower ¢ when the substrates were magnetized up corresponds to a lower energy barrier to
remove electrons from the surface when the spins of electrons within the majority spin
subband are oriented antiparallel to the surface. When the substrates are magnetized down, a
higher percentage of photoelectrons with their spins oriented parallel to the surface normal
are emitted upon irradiation. Under these conditions, if more electrons do not escape the
surface organic layer due to spin filtering than from surfaces magnetized in the opposite
direction, then less charging, and lower I, would be expected when substrates were
magnetized down. However, this prediction is not in agreement with our results, where lower
I and ¢ values were measured when substrates were magnetized up.

Third, spin polarization of electrons transferred from the metal surface to neutralize holes
within the organic layers may cause a buildup of positive charge in the film when the
substrates are magnetized in the unfavorable orientation. When the majority electrons of the
FM substrate do not match the preferred helicity in charge transfer, a higher resistance state
results.®® For L-peptide SAMs, right-handed electron helicity is preferred in the tunneling
regime, that is, with spin aligned parallel to its linear momentum direction.>” In our
experimental setup, substrates magnetized down would provide favorable spin alignment for
electrons transferred from the FM substrates to the organic films based only on the chirality
of the peptides. This orientation would prevent the buildup of positive charge, resulting in
lower I when substrates are magnetized down. However, this prediction does not match our
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experimental results. Further, we found that dBSA films are not capable of filtering
transferred electrons via conduction under the film conditions prepared for UPS
measurements, eliminating this possible contribution to substrate magnetization-dependent
surface charging in dBSA films.

Relating 7 and ¢ to Chiral-Induced Spin Selectivity in Photoelectron Transmission.

Interestingly, the trend in substrate magnetization orientation-dependence of I was reversed
between a-helical L-peptide SAMs and dBSA films with high B-sheet content. If a higher 7
reflects a condition for larger scattering or ionization cross sections, our results suggest that
photoelectrons transmitted through L-peptide SAMs and dBSA films are preferentially
polarized with left- and right-handed helicity, respectively. The structure of surface-adsorbed
BSA molecules represents a disorganized intermediate between these two systems, which
may also explain the absence of the dependence of I on substrate magnetization conditions
for BSA films on AUT SAMs. While both the peptides and proteins are composed of left-
handed Z-amino acid monomer subunits, we find that the secondary structure of the
molecules dictate spin-selective interactions with transmitted electrons. These results
corroborate studies on double-stranded vs single-stranded DNA..8-18 While oligonucleotide
strands of DNA contain D-deoxyribose sugars within the phosphodiester backbone, the
handedness of the tertiary double-helix structure that results upon hybridization of
complementary strands dictates the helicity preference in spin-selective interactions with
electrons.

Further, at full saturation, the magnetization of the perpendicularly-magnetized FM
substrates is still <100%. Therefore, the difference in ¢ of ca. 80 meV measured between
opposite magnetization orientations with surface charge neutralization represents a lower
Iimit of order-of-magnitude for the relative energy barrier to transmission of left- vsright-
handed helicity electrons with energies above the vacuum level through a-helical peptide
SAMs.

By comparison, spin-dependent energy barriers to transport through a-helical peptides in the
conduction regime for electrons with energies below the vacuum level have been reported to
be ca. 500 meV for peptides of approximately half the length of those used herein.2? This
value was determined by comparing the differences in the band gaps for the spin-density of
states from dZd V plots from conductive atomic force microscopy measurements of peptides
assembled on Ni surfaces magnetized up vs down. The lower, relative energy barrier that we
obtain in over-the-barrier transmission of photoelectrons through a-helical peptides may be
attributed to the escape of electrons from regions devoid of SAM molecules due to
inhomogeneous surface coverage, which would not depend on substrate magnetization
condition.

Notably, under every measurement condition, no significant differences in the intensity, or
counts, of photoelectrons collected, nor in the total integrated area considering
photoelectrons of all kinetic energies (between 0 eV and ca. 18 eV, depending on the width
of the spectra) were determined between substrates magnetized up vs down. In contrast,
higher or lower intensities in electron energy distributions within the kinetic energy range of
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~0-2 eV have been reported when Au substrates functionalized chiral films are irradiated
with left- vsright-handed circularly polarized light to emit spin polarized electrons of
opposite helicity from the Au surface.'®-24 In our measurements, photon energies are
substantially larger than the ionization potential of the organic films (2 v > I) and are likely
insensitive to small (<1%) differences in /. Though, with surface charge neutralization, shifts

in Ejg“* are likely indicative of filtering of photoelectrons with low (< 0.5 eV) kinetic

energies. While UPS enables the determination of relative energy barriers for photoemission
of electrons with opposite helicity from chiral organic films, we could not conclusively
identify differences in photoelectron yield using this technique.

Lastly, while we attribute the disappearance of magnetization-dependent effects when
substrates were magnetized to sub-saturation conditions to the lower average polarization of
electrons within the ferromagnetic material, we cannot rule out the possible effects of larger
and more inhomogeneous stray magnetic fields at the surface compared to full saturation
conditions due to the presence of domains.®”-08 Correlating experimental measurements of
energy barriers to photoemission with new and evolving theoretical models that account for
these variables will be critical to develop a foundational understanding of phenomena

responsible for spin-selective transmission, ionization, and chiral-selective chemistries.0970

CONCLUSIONS AND PROSPECTS

We investigated spin selectivity in photoemission from chiral molecular films assembled on
ferromagnetic substrates using unpolarized ionizing radiation. Photoionization energies of
a-helical peptides and films of thermally denatured proteins composed of LZ-amino acid
monomers depended on underlying ferromagnetic substrate magnetization orientation and
average polarization magnitude. While photoionization of chiral molecules with unpolarized
light is not a spin-selective process, we attribute the observations to ionizing collisions from
spin-polarized photoelectrons emitted from the underlying polarized surfaces. Furthermore,
with surface charge neutralization, employed to deconvolute differential charging effects, we
measured differences in work function between substrate magnetization conditions for a.-
helical L-peptide self-assembled monolayers. These differences are indicative of the relative
electron helicity-dependent energy barriers to spin up vs spin down electron transmission
through chiral films.

While the spin polarization of photoelectrons transmitted through chiral molecular
assemblies may be measured using specialized experimental methods (7.e., the use of a Mott
polarimeter), this work establishes figures of merit to measure spin selectivity that can be
assessed more readily and compared with varying molecular systems. Our experimental
protocol to measure the magnetization-dependent photoionization energies and work
functions of chiral molecular assemblies on ferromagnetic substrates is highly generalizable
and will provide new mechanistic insight into spin-dependent interactions of electrons with

chiral molecules.
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Figure 1:
Experimental schematic of ultraviolet photoelectron spectroscopy (UPS) of ferromagnetic

multilayer (FM) metal surfaces. Spin-selective processes due to the chiral-induced spin
selectivity effect may include filtering of photoelectrons originating from the metal by
adsorbed chiral species (1), spin-polarized photoemission by ionization of chiral films (2), or
filtering of conduction electrons supplied by the metal to fill holes left in the valence orbitals
of the organic films, represented schematically as the highest occupied molecular orbitals
(HOMO) (3). The right side of the image depicts representative ultraviolet photoelectron
spectra from bare FM surfaces (black) and surfaces coated with chiral organic films (grey).
The large peaks at high binding energies correspond to the collection of secondary electrons
that scatter, losing energy. The spin polarization of photoelectrons emitted from bare FM
surfaces by photons with energy % v reflects the polarization within the metal dictated by the

magnetization orientation, M. The Fermi edge and minimum binding energy, Egi" , of the

metal is at 0 eV, and the secondary electron cutoff of electrons with maximum binding
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energy is E“*. When functionalized with organic chiral layers, photoelectrons are collected

from both the metal surface as well as the organic material due to ionization. The valence
min

band edge of the spectra, E

, and the secondary electron cutoff, EZ’“X, represent the highest

and lowest kinetic energies of collected photoelectrons, respectively. The minimum energy
required to remove an electron from the surface is the work function, ¢. The spectral width,
W, is used to calculate the photoionization energy, /, of the organic films.
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Figure 2:
Characterization of bare ferromagnetic multilayer (FM) films with composition: glass

substrate/Ta 3/Pt 2/[Co 0.6/Pt 0.3]¢¢9/Co 0.6/Au 1 (layers in nm). &) Hysteresis loops of FM
substrates with £12 kOe and +7 kOe saturating magnetic fields (H). b) Representative full
ultraviolet photoelectron spectra of bare substrates magnetized up (red) or down (blue) at
full saturation using a helium-ion ultraviolet light source (He I). Spectra obtained from
substrates magnetized up vs down are offset for clarity. ¢) Magnification of the secondary
electron cutoff regions and Fermi edges of the spectra in b). d) Work function values of the
surfaces magnetized up (red) or down (blue) at full saturation calculated from the ultraviolet
photoelectron spectra. Error bars represent standard errors of the means; ns is not significant
(P> 0.05).
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Figure 3:

Characterization of ferromagnetic multilayer (FM) substrates functionalized with self-
assembled monolayers (SAMs) of L-peptides by ultraviolet photoelectron spectroscopy
using a helium-ion ultraviolet light source (He I). &) Experimental schematic for two
opposite (up vs down) magnetization orientations. b) Full, representative photoelectron
spectra for L-peptide SAMs on FM substrates magnetized with £12 or 7 kOe. Spectra
obtained from substrates magnetized up vs down are offset for clarity. C) Magnification of
the secondary electron cutoff regions and valence band edges of representative spectra
obtained for substrates magnetized to full saturation. d) Secondary electron cutoffs (squares)
and valence band edges (triangles) for L-peptide SAMs on substrates magnetized to full- and
sub-saturation. €) Photoionization energies of L-peptide SAMs on FM substrates magnetized
up vs down at full- and sub-saturation magnetization. f) Photoionization energies measured
for L-peptide SAMs on FM substrates magnetized up vs down at full magnetic saturation
when photoelectrons were collected at angles of 0°, 15°, and 30° relative to the surface
normal. Error bars represent standard errors of the means; *P < 0.05 vs M down; **P <0.01
vs M down; s is not significant (P> 0.05).
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Characterization of ferromagnetic multilayer (FM) substrates functionalized with self-
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assembled monolayers (SAMs) of 11-amino-1-undecanethiol (AUT) and films of bovine

serum albumin (BSA) or thermally denatured bovine serum albumin (dBSA) by ultraviolet

photoelectron spectroscopy using a helium-ion ultraviolet light source (He I). &)

Experimental schematic. b) Secondary electron cutoffs (squares) and valence band edges
(triangles) for AUT SAMs with BSA (left) or dBSA films (right) on substrates magnetized
to full- vs sub-saturation magnetization. C) Photoionization energies of FM substrates

magnetized up vs down at full- and sub-saturation magnetization for AUT SAMs with BSA
and d) dBSA. For the AUT SAM + BSA condition, no significance was determined in the
interaction term or main effects from two-way analysis of variance, so post hoc tests were

not performed. Error bars represent standard error of the means; *P< 0.05 vs M down; nsis
not significant (P> 0.05).
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Characterization of ferromagnetic multilayer (FM) substrates functionalized with L-peptide
self-assembled monolayers (SAMs) and SAMs of 11-amino-1-undecanethiol (AUT) with
films of thermally denatured bovine serum albumin (dBSA) by ultraviolet photoelectron

spectroscopy using a helium-ion ultraviolet light source (He I) under charge neutralization

conditions and full magnetization saturation. &) Photoionization energy of L-peptide SAMs

on FM substrates magnetized up vs down. b) Magnified region of the secondary electron

cutoff of representative photoelectron spectra from FM substrates functionalized with Z-
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peptide SAMs magnetized up vs down. ) Work function values of FM substrates
magnetized up vs down for L-peptide SAMs. d-f) Analogous results for FM substrates
functionalized with AUT SAMs + dBSA. Error bars represent standard error of the means;
**P<0.01 vs M down; nsis not significant (P> 0.05).
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Figure6:
a) Schematic of spin-valve device architectures composed of self-assembled monolayers

(SAMs) of 11-amino-1-undecanethiol (AUT) and electrostatically adsorbed films of bovine
serum albumin (BSA) or thermally denatured bovine serum albumin (dBSA) sandwiched
between non-ferromagnetic Au and ferromagnetic Ni electrodes. An external magnetic field
is used to magnetize the Ni electrodes parallel or antiparallel to the normal axis of the
devices. b) Average current-voltage measurements for Au/BSA/Ni (solid circles), Au/
dBSA/Ni (solid triangles), and Au/BSA/Au (open circles) junctions from three substrates
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(photograph in inset). Shaded areas represent standard error of the mean from N=3
substrates for each condition (7=60 panels tested per magnetic field orientation per
substrate).
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Schematic representing possible mechanisms to describe substrate magnetization-dependent

photoionization energies of chiral self-assembled monolayers (SAMs) on ferromagnetic

multilayer (FM) substrates. Greater buildup of positive charge in the organic layers when

substrates are magnetized down vs up effectively increases the photoionization energy.

Green arrows represent photoemission originating from the FM substrates. For L-peptide

SAMs, transmitted photoelectrons are expected to be polarized with left-handed helicity,

regardless of initial polarization. Black double arrows represent molecular ionization by
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impact of photoelectrons with sufficient energy from the FM substrates, a spin-selective
process. Pink arrows represent photoemission by direct photoionization of molecules, the
efficiency of which is dependent on global charging of the surfaces.
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