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ABSTRACT OF THE DISSERTATION 

 

Spin Selectivity in Photoemission from Self-Assembled Monolayers of Chiral Molecules 

 

by 

 

Dominik Martin Stemer 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2020 

Professor Paul S. Weiss, Chair 

 

Spin-selective interactions between electrons and chiral molecules, described collectively by 

the chiral-induced spin selectivity (CISS) effect, have garnered increasing attention. The history of this 

burgeoning field, the predominant experimental techniques that have been employed to study the 

CISS effect, and the state of theoretical efforts to model this unexpected behavior are briefly reviewed. 

Herein, we demonstrate the use of ultraviolet photoelectron spectroscopy – a widely accessible and 

broadly applicable technique – to characterize the CISS effect in photoemission from self-assembled 

monolayers of peptides and proteins on ferromagnetic substrates. We subsequently report that the 

magnitude of the CISS effect in self-assembled monolayers of DNA can be enhanced through 

incorporation of heavy coordinating species within the chiral molecular framework, and moreover 

that the sign of the effect can be reversed by inverting the DNA molecular handedness. The relevance 

of the CISS effect as it pertains to both the development of highly effective room-temperature 

spintronic devices and to the elucidation of the origins of biomolecular homochirality and chirality 

dependent biochemical reactivity are discussed. 
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photoemission from magnetic substrates functionalized with SAMs of chiral peptides and proteins. I 

utilized X-ray photoelectron spectroscopy (XPS) to monitor SAM damage before and after 
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prepared single-stranded DNA SAMs capable of specifically incorporating stochiometric levels of 
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National Laboratory, I have further expanded my experimental toolkit. I have gained experience with 

spin- and angle-resolved photoelectron spectroscopy, synthesized chiral Ag-cysteine nanowires for 
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dependent charging in SAMs of chiral peptides on gold as a function of electron energy, beam current, 

and molecular handedness. Unfortunately, logistical difficulties arising from lab closures due to power 

outages, wildfires, and COVID-19 during this past year have hamstrung a number of these promising 

projects, but the experiences that I have had at LBL have nonetheless helped me to become a better 
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CHAPTER I 

 

Chirality-Induced Spin Selectivity 

 

 
 

Image reproduced with permission from  

ACS Nano 2019, 13, 4928-4946.  

Copyright 2019 American Chemical Society. 
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I.A. CHIRALITY AND THE ELECTRON SPIN 

I.A.1. Chirality and Optical Activity 

 Chirality – a term first used by Lord Kelvin in his 1893 Baltimore Lectures on molecular dynamics 

to describe a class of dissymmetric geometric figures that are non-superimposable with their mirror 

images – is an important concept spanning organic and synthetic chemistry, biochemistry, 

optoelectronics, and more recently spintronics as well. Our most ready example of chirality is our 

hands. Our left and right hands are mirror images of one another, however, try as we might, there is 

no possible way to orient one hand such that it is indistinguishable from the other, due to the obvious 

differences between the front and back of a hand. Considering instead a generic pair of gloves, it is 

easy to see that this is no longer the case. Our hands are thus enantiomorphs (Greek for “opposite 

forms”) of the chiral object “hand”. Chirality is ubiquitous in Nature, with examples ranging from the 

microscopic, encompassing amino acids, peptides, proteins, and DNA, to the macroscopic in the form 

of coiling plant tendrils and sea snail shells. Recent work by McGuire and Carrol et al. has even led to 

the identification of extraterrestrial chiral molecules within the Sagittarius B-2 molecular cloud near 

the galactic center of the Milky Way.1 

 

 

 

 

 

Figure I.1: Representation of a simple chiral molecule (left) and its mirror image (right). No matter how the 
mirror image is rotated in three dimensions, it is non-superimposable with the original molecule. A class of 
materials or molecules that exhibits this sort of geometry is chiral. Mirror images of a chiral chemical species 
are called enantiomers and, despite their identical chemical formulae, they may demonstrate significantly 
different biochemical reactivities and optical properties. 
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In chemistry, opposite forms of the same molecule are called enantiomers (Figure I.1), and 

although they are chemically identical in composition, they are known to exhibit remarkably different 

optical behaviors. Biochemically, enantiomers of the same species are well-known to differ 

dramatically despite their identical chemical formulae. The magnitude of these differences, and their 

macroscopic consequences, are exemplified by the thalidomide tragedy of the 1950’s and 1960’s. 

Thalidomide is a chiral compound formerly used as a treatment for pregnant women suffering from 

morning sickness. The right-handed enantiomer of thalidomide induces sedative effects in patients, 

while the left-handed enantiomer is teratogenic. These enantiomers readily interconvert within the 

body, rendering initial purification of the drug irrelevant. As a consequence of this enantiospecific 

activity, more than 10,000 children globally were born with severe deformities during the time when 

thalidomide was most commonly prescribed.2 

Perhaps the most characteristic property of chiral molecules is the unique optical dichroism 

that they exhibit in absorption. Chiral molecules, depending on their handedness, preferentially absorb 

left- or right-handed circularly polarized light, imposing a net rotation on the transmitted light (an 

enantiomer that preferentially absorbs right-handed circularly polarized light could be said to rotate 

the transmitted light counterclockwise, and vice versa). The surprising analog of this quintessentially 

chiral optical behavior in electron-chiral molecule interactions is the focus of this dissertation. 

 

I.A.2. Electron Spin and Spin Polarization 

 An electron occupying a quantum state in an atom’s electron cloud may be described using 

four quantum numbers. The principle quantum number (n) indicates which shell the electron finds 

itself in. The azimuthal quantum number (l) describes the orbital angular momentum of the electron, 

corresponding to a particular subshell (s, p, d, f, and so on). The magnetic quantum number (ml) details 

which orbital the electron inhabits within its particular subshell. Finally, the spin quantum number 
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(ms) describes the intrinsic angular momentum of the electron itself. The total angular momentum of 

the electron is the sum of its orbital angular momentum and its intrinsic angular momentum. The 

intrinsic angular momentum of an electron is also known as its spin, and is often misleadingly 

described using a classical conception of an electron as a hard sphere spinning about its own axis, 

much like the Earth. However, this is a holdover from early attempts to impose a physical picture 

onto the nonclassical concept of spin. Indeed, if a hard sphere the size an electron were spinning with 

angular velocity corresponding to the experimentally measured value of electron intrinsic angular 

momentum, the surface of the sphere would have to be moving faster than the speed of light! Clearly, 

this cannot be the case. It is now understood that particle spin is a purely quantum mechanical 

phenomenon with no classical analogue. Spin was first measured experimentally as a result of the 

Stern-Gerlach experiment, conceptualized by Otto Stern in 1921 and executed by Walther Gerlach in 

1922. The experiment constituted the passing of isolated silver atoms through an inhomogeneous 

magnetic field. Silver atoms have a filled 4th shell, with one unpaired electron in the 5th shell. The net 

magnetic moment of the atom is thus determined by that of the lone 5th shell electron, all inner 

electrons being paired. If the magnetic moment of the electron were classical, it might be expected to 

behave as a simple bar magnet with a magnetic north and south pole. In this case, one would expect 

the silver atom to be deflected along the axis of the external magnetic field as it moved through the 

experimental apparatus, with the degree of deflection being proportional to the relative orientation of 

its intrinsic magnetic poles and those of the external field. A silver atom with its intrinsic magnetic 

moment aligned parallel to the external magnetic field should be deflected significantly in one direction 

along the magnetic-field axis, a silver atom aligned antiparallel in the other direction, and all other 

silver atoms with their magnetic moments aligned not quite along this axis would be deflected 

somewhat less along the magnetic-field axis, filling the space between the two extremes. However, 

this is not what was experimentally observed. The Stern-Gerlach experiment revealed that, unlike the 
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case of the bar magnet just considered, the silver atoms were deflected either up or down along the 

magnetic-field axis by a fixed amount, indicating that the silver atom behaved like a small bar magnet 

that could only point entirely up or down, with no in-between, demonstrating conclusively that the 

angular momentum of an atomic-scale systems is quantized.  

Consider a situation in which two Stern-Gerlach apparatuses are placed in series and oriented 

along the same axis (the z-axis, for example). An unpolarized beam of silver atoms moving along the 

y-axis and passing through the magnetic field of the first apparatus will then be split into spin-up (z+) 

and spin-down (z-) components. If we configure this experiment such that the z- atoms are filtered 

out, and only the z+ atoms are passed through the second apparatus, we will find that all of those 

atoms will be deflected upward (z+, z+), as expected, since we have intentionally removed all z- atoms 

from the experiment. Consider now a slightly more complicated version of this experiment, with the 

second Stern-Gerlach apparatus rotated 90° (oriented along the x-axis). As discussed previously, after 

passing the initial unpolarized beam through the magnetic field of the first apparatus, we will have an 

even split between z+ and z- atoms. If we now once more filter out all z- atoms from consideration, 

and pass only the z+ atoms through the second apparatus, we will find that the atoms are once again 

evenly split between positive (x+) and negative (x-) deflection. This result indicates that each atomic 

bar magnet actually possesses a magnetic moment along each axis measured. Finally, if we filter out 

all of the atoms deflected negatively along the x-axis, leaving us with only one quarter of the initial 

intensity (z+, x+), and then pass that component of the remaining beam through a third Stern-Gerlach 

apparatus oriented along the z-axis, we will find that the beam is once more evenly split between atoms 

deflected up (z+) or down (z-) (Figure I.2). These results demonstrate that spin is quantized along any 

experimental axis. It may be positive or negative, but it must always have the same magnitude. 

Moreover, once spin is measured along a second axis, the information regarding spin orientation along 
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the first axis is lost. As a consequence, it is impossible to know the spin of an electron along any two 

axes simultaneously.  

 

 

 

 

 

 

 

 

 
 
 
 
Figure I.2: Representation of sequential Stern-Gerlach experiments. An unpolarized initial population of spin 
½ particles may be evenly split, with half deflecting upward and half downward, depending on their spin. When 
this process is repeated for another orientation, previously known information about the system is lost, and 
particles from the initially positively deflected population may be observed to deflect negatively, if measured 
again. Arrow size corresponds to beam intensity. 
 

Electrons are fermions (spin ½ particles), and as such have spin values of ±h/4p. The three 

dimensions of electron spin being simultaneously unmeasurable, it is useful to think of spin along an 

experimental axis, thus allowing us to speak unambiguously of spin-up or spin-down particles. 

Consider an electron which has been experimentally measured to have a spin of +h/4p along the        

z-axis. The x and y components of the spin of the electron remain unknown, but they are restricted 

to values of ±h/4p as well, and so all possible combinations of their values constitute a circle in the 

x-y plane with radius h/4p and origin at (0, 0, h/4p) (Figure I.3).  When we speak of spin along an 

axis, it then becomes clear that what we are really speaking about is the projection of the net spin (S) 

upon that axis (SZ = S • z). 
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Figure I.3: If the spin of an electron is experimentally measured to be positive along the z-axis (Sz), then the 
net spin of the particle must lie somewhere along the base of a cone of height h/4p with its point at the origin 
and its base having a radius of h/4p. The outline of this base encompasses all possible combinations of 
allowable spin values along the x- and y-axes. The net spin (S) may been viewed as a vector pointing from the 
origin to somewhere along this circle.  
 

A population of electrons may be described as polarized along any particular axis if the average 

of spin measurements along that axis is not zero. Polarization along an axis (P) is measured as the 

percent difference between the number of positive (s+) and negative (s-) spin measurements obtained. 

P = #$%#&
#$'#&

× 100%     (I.1) 

A spin polarization of +20% along the z-axis (PZ = 0.2) would then indicate that 60% of electrons 

measured along that axis yielded a spin-up value of +h/4p and 40% a spin-down value of -h/4p. 

Equivalently, the same beam may be thought of as a superposition of two component beams; one, 

comprising 20% of the total beam density, with complete positive polarization (PZ = 1), and another, 

comprising the remaining 80% of the beam density, which is unpolarized (PZ = 0). Throughout this 
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dissertation, when referring to electrons of a specific handedness, it is the projection of the electron’s 

spin onto its momentum that is being discussed (S • p). If this value is positive, then the electron spin 

projection is aligned nominally parallel to the momentum, and the electron is considered to be right 

handed. One may also say that the electron exhibits positive helicity. If this projection is negative, then 

the electron is left handed, or exhibits negative helicity. The vector representing electron propagation 

thus describes the experimental axis of interest.  

 

I.B. SPIN-SELECTIVE TRANSMISSION OF ELECTRONS THROUGH 

VAPORS OF CHIRAL MOLECULES 

The study of electron-chiral molecule interactions began with measurements of longitudinal 

polarization-dependent attenuation of electrons beams through vapors of chiral molecules  (Figure 

I.4).  

 

 

 

 
 
 
 
 
 
 
Figure I.4: Experimental schematic of longitudinal polarization-dependent attenuation of electrons 
transmitted through vapors of chiral molecules. Reproduced with permission from reference 8. Copyright 1996 
IOP Publishing, Ltd. 
 

From the onset, discrepancies in experimental results made conclusive determination of the 

magnitude of spin-dependent interactions between electrons and chiral molecules difficult.3,4 Mayer 

and Kessler observed the attenuation of polarized electron beams through vapor-phase chiral 
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camphor molecules and noted no spin-dependent asymmetry in transmission. They ascribed previous 

positive results to instrument asymmetries, which they rigorously characterized and corrected for. 

However, when substituting camphor for a heavier camphor-like molecule containing ytterbium, they 

measured a significant asymmetry in spin-polarized electron transmission, dependent on molecular 

handedness (Figure I.5), indicating a likelihood of similar but less pronounced effects in the previously 

studied systems, potentially below the detection threshold of the equipment employed.5 These results 

corroborated earlier models indicating that the presence of a heavy atom in a chiral molecular 

environment can enhance the spin- and chirality-dependent asymmetry in electron-molecule 

interactions, likely due to increased spin-orbit effects.6 Moreover, the oscillatory energy-dependence 

of the spin-asymmetric scattering parameter was predicted in scattering of polarized electrons from 

randomly oriented chiral molecules with a heavy atom constituent.7 

 

 

 

 

 

Figure I.5: Spin-dependent electron transmission asymmetry through L- (open circles) and D- (filled circles) 
ytterbium camphor derivatives in the gas phase. The structure of the D-ytterbium derivative is inset. 
Reproduced with permission from reference 5. Copyright 1995 American Physical Society. 
 

These results were reproduced using chiral bromocamphor derivatives.8 Subsequent 

experiments demonstrated that the degree of spin-polarized electron transmission asymmetry could 

be modified for nearly identical molecules directly by changing the weight of the heavy coordinated 

species. Peak transmission asymmetry was observed to increase roughly along with the atomic number 

of the coordinated atom, as Pr (Z=59) < Eu (Z=63) ~ Er (Z=68) < Yb (Z=70) (Figure I.6).9 
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Interestingly, molecules with multiple heavy inclusions, such as dibromocamphor, did not exhibit 

higher asymmetries than their singly brominated counterparts. Potential explanations of these 

observations include an asymmetry term which is dominated by Mott scattering from the heaviest 

element in the molecule, interference between the electric and magnetic dipole moments of the 

molecule, and electron helicity dynamics.10 

More recent studies of dissociative electron attachment (DEA) between low-energy, 

longitudinally polarized electrons and vapors of chiral bromo- and iodo-camphor have revealed     

spin-asymmetric rates of DEA, dependent on the atomic number and location of the heaviest atom in 

the camphor molecule.11 These findings were subsequently corroborated in electron transmission, 

though no definitive conclusions have as of yet been drawn regarding the mechanisms underlying the 

diverse results discussed thus far.12 

 

 

 

 

 

 

 

Figure I.6: Spin-dependent electron transmission asymmetry through vapors of chiral camphor derivatives 
coordinating Pr (Z=59), Eu (Z=63), Er (Z=68), and Yb (Z=70). Gray areas indicate resonances in total cross 
section. Adapted with permission from reference 9. Copyright 1997 IOP Publishing, Ltd. 

 

Despite these promising effects, now described collectively by the chiral-induced spin 

selectivity (CISS) effect, the asymmetries observed were far too low to be of more than fundamental 
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interest, and had only yet been observed in gas phase systems. Recent work, with an aim toward 

developing organic spintronic systems for device and sensor applications, has largely moved away 

from such dilute systems and toward the investigation of the interactions between polarized electrons 

and chiral molecular films and hybrid chiral nanomaterials.  

 

I.C. SPIN-SELECTIVE INTERACTIONS BETWEEN UNBOUND 

ELECTRONS AND CHIRAL MOLECULAR FILMS 

I.C.1. Asymmetry in Photoemission Stimulated by Circularly Polarized Photons 

Molecular thin films, particularly in the form of self-assembled monolayers (SAMs) – dense 

ordered arrays of molecules that are typically formed on metallic or metal oxide surfaces – are ideal 

systems for any investigation in which molecular orientation, packing, and homogeneity are desired.13 

Chemical approaches using oriented and adsorbed molecular films to manipulate the chemical,14 

electronic,15,16 and magnetic properties of thin films and nanostructures have been successfully applied 

to tune material surfaces and interfaces.17,18 Compared to randomly dispersed molecules in the gas 

phase, surface assemblies impart orientation and alignment that enhance and focus interaction effects. 

To this end, molecular mono- and multi-layers are well-suited to tailor the interfacial properties of 

metals, and the investigation of spin-dependent electron transmission through molecular monolayers 

provides a more robust and reproducible environment for cross-system comparison.  

Inevitably, the transition from molecular vapors to condensed molecular films was made. K. 

Ray et al. measured photoelectron emission from gold surfaces covered with chiral Langmuir-Blodgett 

(L-B) films composed of 5 layers of a-helical L- or D- stearoyl lysine as a function of incident light 

polarization. In heavier elements with strong spin-orbit interactions, photoemission by absorption of 

circularly polarized photons does not result in equal populations of right- and left-handed 
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photoelectrons.19 The relative spin-dependent transmissivity of photoelectrons originating from a gold 

substrate through a chiral molecular film may thus be probed indirectly by varying the handedness of 

light used. K. Ray and coauthors reported significantly enhanced polarized-electron scattering 

asymmetries, 103-104 times greater than those of even the heaviest vapor phase molecules previously 

studied, calculated from photoelectron yield experiments, with L-stearoyl lysine L-B films yielding 

higher photoelectron counts under irradiation by right-handed circularly polarized light (Figure I.7), 

and D-stearoyl lysine L-B films showing the opposite preference.20 They attributed this enhancement 

over vapor phase interaction asymmetries to increased interaction of the electron’s wavefunction with 

multiple chiral scattering centers in the organic film. Moreover, the low-energy electrons studied         

(E < 1 eV) had long wavelengths on the order of 2 nm, and may have experienced strongly coherent 

interactions with a large area of the L-B films. This hypothesis was bolstered by the finding that 

polarized electron yield asymmetries decayed rapidly in magnitude if the L-B films studied were even 

slightly less than enantiopure (films composed of 99% L- and 1% D- stearoyl lysine, for example, 

yielded equal photoelectron counts under right-handed and left-handed circularly polarized light). This 

study was all the more important for its shift in focus away from molecular vapors and toward 

organized organic films on surfaces, announcing molecular films as a topic of interest within the 

spintronics community. 
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Figure I.7: Energy distribution for photoelectrons transmitted through five layers of L-stearoyl lysine collected 
under excitation from linearly polarized light (solid line), right-handed circularly polarized light (dashed line), 
and left-handed circularly polarized light (dotted line), indicating asymmetry in spin transmission for oppositely 
polarized electrons. Reproduced with permission from reference 20. Copyright 1999 American Association for 
the Advancement of Science. 

 

Utilizing a similar experimental approach to that described above, S. Ray et al. established spin-

selectivity in photoelectron transmission through double-helical SAMs of DNA on gold shortly after.21 

Under illumination by short laser pulses with photon energy just above that of the work function of 

gold (to ensure photoemission solely from the substrate), photoelectron yield was measured as a 

function of laser polarization. For SAMs of right-handed double-stranded DNA (ds-DNA), 

photoelectron yield was found to be ~8% greater when the illuminating laser was left-handed 

compared to right-handed circularly polarized. Circular dichroism was negligible at the wavelength of 

interest for these experiments, thereby ruling out adsorption dichroism as a driving mechanism. 

Importantly, the asymmetry in photoelectron yield was not observed in SAMs of ss-DNA, in which 

case photoelectron yield did not differ depending on laser polarization. This observation was explained 

by means of monolayer organization and molecular tertiary structure. Pristine ds-DNA SAMs are 

comprised of well-organized and oriented quasi-rigid double-helical structures with right-handed 

helicity. In contrast, SAMs formed of ss-DNA lack the same organization due to the absence of a 
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rigid, well-defined tertiary structure. Additionally, control experiments done with achiral SAMs of 

alkanethiols demonstrated no spin-selective electron transmission. 

 Rosenberg et al. expanded upon the study of spin-dependent electron-molecule interactions 

by characterizing spin-selective photolysis in molecular films of (R)- and (S)-2-butanol assembled on 

thin films of permalloy (Ni0.8Fe0.2).22 Under X-ray irradiation, surface-adsorbed organic molecules may 

experience degradation as a result of interactions with the incident photons as well as with secondary 

electrons photoemitted from the substrate. Time-dependent photolysis was monitored via X-ray 

photoelectron spectroscopy (XPS). Rates of cleavage of the butanol C-O bond, as indicated by a 

reduction in the C-O XPS signal area, were recorded as a function of irradiation time for different 

combinations of molecular handedness and permalloy magnetization orientation. Secondary electrons 

emitted from magnetized permalloy thin films exhibit spin polarizations of approximately 10-15%, 

with the polarization vector of the secondary electrons designated by the magnetization orientation of 

the film.23 The time constant corresponding to C-O signal decay was extracted from an exponential 

fit of C-O peak area as a function of time. For each enantiomer, the decay time constant was found 

to vary by ~10% when measured for films magnetized parallel vs. antiparallel to the surface normal. 

Films of (S)-2-butanol were found to decompose more rapidly when the permalloy substrate was 

magnetized parallel to the surface normal, while (R)-2-butanol films exhibited the opposite preference 

(Figure I.8). The authors noted that the difference in time constants corresponded roughly to the spin 

polarization of the secondary electrons photoemitted from the permalloy. The asymmetry was 

attributed primarily to a spin-dependent DEA mechanism, whereby longitudinally spin-polarized 

electrons induced the formation of temporary negative ion states at different rates depending on the 

molecular handedness of the 2-butanol film encountered.  
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Figure I.8: Time constants corresponding to rate of C-O signal decay as measured by X-ray photoelectron 
spectroscopy. These time constants are indicative of photolysis rates of molecular films of (S)- (left) and (R)-2-
butanol (right). Photolysis time constants we found to depend on the pairing of molecular handedness (S- or 
R-) and the substrate magnetization orientation. Left-handed 2-butanol films were found to undergo photolysis 
more rapidly when the substrate was magnetized parallel (+) as opposed to antiparallel (-) to the surface normal. 
The opposite trend held for films of right-handed 2-butanol. Reproduced with permission from reference 22. 
Copyright 2008 American Physical Society. 

 

The above studies highlight examples of indirect measurements of spin-selective electron 

transmission through chiral films. Although these measurements demonstrated basic asymmetry in 

electron-chiral molecule interactions, explicit information describing the spin polarization of the 

collected electrons remained inaccessible using the methods discussed thus far. Subsequent work 

would focus on addressing this knowledge gap through the application of spin-resolved photoelectron 

spectroscopy. 

 

I.C.2. Mott Polarimetry 

Building upon the experimental framework pioneered by S. Ray et al. and K. Ray et al., Göhler 

et al. explicitly measured length-dependent spin-selectivity in electron transmission through SAMs of 

ss- and ds-DNA on gold via Mott polarimetry.24 Briefly, Mott polarimetry leverages spin-orbit 
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interactions in inelastic coulomb scattering of electrons and heavy atoms to deflect electrons of 

opposite spins toward separate detectors and enable quantification of spin polarization in an electron 

population. An electron scattering through a film of heavy atoms will encounter, as it moves through 

the electric field surrounding an atomic nucleus, an effective magnetic field in its frame of reference. 

The coupling of this effective magnetic field to the intrinsic magnetic moment of the electron, which 

is antiparallel to its spin, gives rise to a spin-orbit scattering term and enables resolution of the spin-

polarization of an incident population of electrons (Figure I.9a).25 Göhler et al. leveraged this technique 

to measure the spin polarization of photoelectrons directly as they were emitted from gold films 

functionalized with SAMs of ds-DNA of varying length, from 26 to 78 base pairs (corresponding to 

~2.5 and ~7.5 helical turns, respectively). As previously, spin-dependent transmission of electrons 

was not observed in ss-DNA samples. However, photoemission through SAMs of ds-DNA was found 

to exhibit remarkably high spin selectivity. Low-energy (E < 1.2 eV) photoelectrons analyzed after 

passing through SAMs of ds-DNA were strongly negatively polarized (majority electrons with spin 

antiparallel to momentum), with the measured polarization increasing along with the length of the 

DNA SAM (Figure I.9b). For photoelectrons passing through SAMs of ds-DNA composed of 78 

base pairs, constituting a barrier of approximately 26 nm, spin polarizations of nearly 60% were 

observed. The net polarization could be tuned slightly via polarization of the incident light. Gold 

substrates coated with SAMs of ds-DNA that were intentionally damaged by UV irradiation did not 

yield negatively-polarized electrons, indicating that the presence of pristine, ordered, and aligned chiral 

molecules is critical to the observed spin filtering. 
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Figure I.9: a) Mott polarimeter schematic demonstrating operational principle under which electrons are 
preferentially scattered from a gold foil to the left or right detector depending on their spin. b)  Longitudinal 
spin polarization of photoelectrons emitted from bare gold substrates (unfilled circles) and gold substrates 
coated with self-assembled monolayers of single-stranded (unfilled diamond) and double-stranded (filled 
circles) DNA, and UV-damaged double-stranded DNA (unfilled triangles). Negative spin polarization was 
found to trend along with length of double-stranded DNA studied. Adapted with permission from reference 
24. Copyright 2011 American Association for the Advancement of Science.  

 

Rosenberg et al. subsequently investigated interactions between higher energy (>30 eV) 

electrons and SAMs of ds-DNA composed of 40 base pairs by analyzing X-ray photoelectron spectra 

a) 

b) 
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of spin-orbit split Au 4f orbitals.26 Previously, all work characterizing spin-selective electron-chiral 

molecule interactions had involved very low energy electrons, however, early gas phase studies 

indicated a clear energy dependence in spin selectivity. Highly spin-polarized photoelectrons may be 

generated by photoemission from the spin-orbit split 4f orbitals of heavy elements, with the degree of 

polarization sensitive to the circular polarization of the incident X-rays.27,28 Using left- and                

right-handed circularly polarized X-rays of variable energy, Rosenberg et al. analyzed photoemission 

spectra of Au 4f electrons with kinetic energies in two energetic ranges, 30-50 eV and 410-760 eV. 

Electrons in the 410-760 eV range have short de Broglie wavelengths and long inelastic mean free 

paths, while those in the 30-50 eV range have longer wavelengths but minimal mean free paths. For 

both energy ranges studied, spectra collected under irradiation by right-handed and left-handed 

circularly-polarized X-rays were superimposable, indicating a lack of spin-selective electron-molecule 

interactions at the energy ranges probed and suggesting that spin dependent electron scattering from 

chiral molecules is most efficient at low energies. 

The kinetic-energy dependence of spin selectivity in electron transmission through chiral 

molecules having been established, more recent studies have tended to mirror the experimental 

approach set forth by Göhler et al.. Mishra & Markus et al. applied Mott polarimetry to characterize 

the spin polarization of low-energy electrons emitted from gold substrates coated with adsorbed films 

of chiral bacteriorhodopsin embedded in purple membrane under linearly-polarized UV laser 

illumination.29 Although bacteriorhodopsin, a transmembrane protein composed of seven parallel      

a-helical subunits, constituted only 10% of the molecular film by volume, longitudinal                        

spin-polarization values of ~15% were reported, with the majority of electrons exhibiting negative 

(left-handed) helicity. Moreover, the thickness of bacteriorhodopsin, as measured by atomic force 

microscopy (AFM), is approximately 5 nm, substantially less than that of the DNA SAMs previously 

studied by Göhler et al. Similar results were reported by Kettner et al. for longitudinal spin polarization 
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of photoelectrons emitted through SAMs of a-helical peptides on gold.30 Peptides composed of           

8-10 amino acids (with cysteine anchoring groups) were used to form SAMs, with thicknesses of       

2.2, 2.5, and 2.8 nm, respectively. As in SAMs of ds-DNA, the absolute magnitude of measured 

longitudinal spin polarization of photoelectrons was found to increase along with the chiral barrier 

thickness, from 11% to 17%. When compared to the 8% longitudinal spin polarization measured for 

photoelectrons transmitted through a 8.8 nm SAM of ds-DNA composed of 26 base pairs, the work 

done by Mishra, Markus, and Kettner suggests that a-helical peptide SAMs are even more efficient 

spin polarizers than ds-DNA SAMs per unit length. 

Despite the mounting experimental evidence for remarkable spin selectivity in electron 

transmission through thin films of chiral molecules, all of the studies discussed heretofore, with the 

exception of the work of K. Ray et al. and Rosenberg et al., which did not involve hierarchically helical 

molecules, have focused only on molecules with a positive helicity (right-handed along the axis of 

electron propagation). To address the lack of experimental attention paid to left-handed molecules, 

Kettner et al. studied spin-selective photoelectron transmission through monolayers of chiral 

heptahelicene on copper, silver, and gold.31 Helicenes exhibit axial chirality despite lacking a chiral 

center, with the handedness of the molecules (P- and M-helicene corresponding to molecules with 

positive and negative helicity, respectively) dependent on the manner in which the annulated aromatics 

which comprise the molecule tilt out of the base plane as a result of steric interactions. Heptahelicene 

is composed of seven annulated benzo groups and forms approximately one single helical turn. As 

anticipated, though not previously verified, low-energy photoelectrons collected following 

transmission through molecular films of helicenes exhibited polarization dependent on the helical 

sense of the helicene. Films of right-handed P-helicene were found to yield positively polarized 

photoelectrons, and films of left-handed M-helicene negatively polarized photoelectrons, in notable 

contrast to earlier measurements conducted with right-handed DNA. Under linearly polarized laser 
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illumination, the spin polarization of photoelectrons collected was found to be nearly independent of 

the metal substrate. Longitudinal polarization values for P-helicene films assembled on Cu(332), 

Ag(110), and Au(111) were 5.5%, 7.1%, and 7.9% respectively (majority photoelectrons with positive 

helicity). For M-helicene films the corresponding polarization values were -6.7%, -9.0%, and -8.0% 

(majority photoelectrons with negative helicity), corresponding to a net polarization asymmetry of 

12.2%, 16.1%, and 15.9% for Cu(332), Ag(110), and Au(111), respectively.  

Enabling direct quantification of spin polarization in photoemission of low-energy electrons 

through chiral molecular films, beginning in 2010 Mott polarimetry was firmly established as the most 

effective means of characterizing spin-selective electron-chiral molecule interactions. During the same 

time decade, various and diverse experimental approaches had simultaneously been employed to study 

spin-selective transmission of bound electrons through films of chiral molecules. Critically, although 

experimental trends were observed, and causal inferences drawn (molecular packing, orientation, and 

length all leading to greater polarization), unifying mechanisms describing the unexpectedly large spin-

selectivity in electron-chiral molecule interactions remained lacking. 

 

I.D. SPIN-SELECTIVE INTERACTIONS BETWEEN BOUND 

ELECTRONS AND CHIRAL MOLECULAR FILMS 

 Although the primary focus of this dissertation is on understanding spin-selective interactions 

between unbound electrons and chiral molecules, it is nonetheless worthwhile to summarize briefly 

the valuable and insightful work that been done to resolve spin-selective conduction in chiral systems. 

 

I.D.1. Conductive Probe Microscopy 

 Spurred on by previously demonstrating spin selectivity in transmission of low-energy 

unbound electrons through films of chiral molecules,20–22 methods to probe spin selectivity in 
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conduction through chiral molecular assemblies were soon demonstrated. In the first experimental 

demonstration of this behavior, Xie et al. applied conductive atomic force microscopy (c-AFM) to 

measure magnetization-dependent conduction through SAMs of gold nanoparticle (AuNP) 

terminated ds-DNA on Ni.32 These AuNP-DNA-Ni junctions were prepared by first forming SAMs 

of ss-DNA on a Ni substrate via thiol-Ni chemistry. The SAMs were then subsequently exposed to 

solutions containing AuNPs functionalized with the complementary ss-DNA sequence. Hybridization 

between the two complements resulted in ds-DNA, anchored on one end to the planar Ni substrate, 

and terminated on the other end by an AuNP (Figure I.10a). Unlike the permalloy substrates discussed 

previously (see I.C.1.), Ni thin films do not exhibit perpendicular magnetic anisotropy. Therefore, to 

maintain magnetization parallel or antiparallel to the surface normal, measurements were conducted 

by setting samples on top of a permanent magnet with its magnetic north pole facing either up or 

down. In this way, Xie et al. collected magnetization-dependent current-voltage (I-V) traces for           

ds-DNA SAMs composed of 26, 40, and 50 base pairs. Control measurements were collected by 

repeating the magnetization-dependent measurements for SAMs of 50 base-pair ds-DNA on gold 

surfaces. Though the variation between individual measurements was quite high, Xie et al. significantly 

different I-V traces when Ni substrates were magnetized up vs. down (Figure I.10b).  
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Figure I.10: a) Experimental schematic of conducting atomic force microscopy of                                                 
gold-nanoparticle-terminated self-assembled monolayers of double-stranded DNA on nickel films. b) Current-
voltage traces collected as a function of permanent magnet orientation. The assembly appears to be significantly 
more conductive when the permanent magnet is oriented with its magnetic north pole antiparallel (blue) to the 
surface normal. Traces collected with longer DNA seem to show larger up-down differences. However, those 
collected on diamagnetic gold surfaces do not show any magnetization dependence. Adapted with permission 
from reference 32. Copyright 2011 American Chemical Society. 

 

Through analyses of the derivatives of the traces shown in Figure I.10b (dI/dV), the effective 

energetic barriers for each sample condition were extracted. The magnetization-dependent energy gap 

was found to be approximately 1.1 eV, 1.2 eV, and 1 eV, for the 26, 40, and 50 base pair ds-DNA 

SAMs, respectively. Although the energy gap did not appear to vary substantially with ds-DNA length, 

the magnitude of the barriers did increase with DNA length, as expected (2.1 eV vs. 3 eV for up 

magnetization barriers of 26 and 50 base pair DNA, respectively). No energetic gap was observed for 

ds-DNA SAMs prepared on Au. The spin selectivity observed in the former samples was attributed 

to a combination of spin polarization induced by electron transport through the ds-DNA molecules 

and spin-selective charge injection into the magnetized Ni substrate. Notably, organic               

a) b) 
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molecules – when used in spin valves – typically assume the role of weakly-interacting non-magnetic 

spacing layers, carrying spin-polarized electrons from one magnetized material to another.33,34 Charge 

transfer from or into a magnetized layer is inherently spin selective. Electrons with magnetic moments 

aligned parallel to the magnetic majority subband (recall that the spin and magnetic moment of an 

electron are antiparallel) are preferentially transferred out of the material, but face a greater barrier in 

injection into the material as a consequence of the majority subband’s greater density of occupied 

states beneath the Fermi level.35 The inverse is true for electrons with magnetic moments parallel to 

the magnetic minority subband. In this study, the chiral ds-DNA layer served as an active element, 

and the combination of the spin-dependent ds-DNA and the magnetized ferromagnetic Ni yielded a 

nontrivial magnetoresistance under ambient conditions.  

The work of Xie et al. having established magnetization-dependent conductivity in nanoscale 

assemblies comprising chiral molecules using c-AFM, subsequent studies have applied similar 

methods to study a broad range of chiral organic and hybrid materials. Spin-selective conduction has 

now been observed in films of quantum dots (QDs) functionalized with chiral amino acid ligands, 

perovskites containing chiral organic molecules, helical p-conjugated supramolecular nanofibers, and 

chiral supramolecular polyaniline, with some systems yielding conduction asymmetries of >85%.36–39 

 

I.D.2. Photoinduced Charge Transfer 

 Although conductive probe microscopy is one of the most direct measures of spin-dependent 

conductivity, it suffers from the drawback that the microscope tip must physically come into contact 

with the molecules in the monolayer, thereby unavoidably perturbing the surface and introducing an 

element of uncertainty into the molecular conformation being probed. As a complement to the 

methods discussed previously, the characterization of spin selectivity in chiral systems via 

photoinduced charge is minimally perturbative and enables a number of interesting and diverse 
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experiments. For an in-depth discussion of the methods introduced in this section, the interested 

reader is referred to our recent review on this topic.40 

 Abendroth et al. employed fluorescence microscopy to study spin-selective charge transfer 

between fluorescent dye molecules embedded in hydrophobic pockets in SAMs of ds-DNA on         

Au-capped ferromagnetic substrates with perpendicular magnetic anisotropy.41 Similarly to the 

previous work of Xie et al., the combination of a ferromagnetic substrate and chiral bridging molecule 

created a spin-selective energetic barrier for bound electrons transmitted from the dye through the 

DNA and into the substrate. This spin dependence in charge transfer manifests as a magnetization-

dependence in fluorescence intensity (Figure I.11.a). When the substrate is magnetized such that the 

magnetic minority subband is aligned with the polarization of the electrons transmitted through the 

ds-DNA, the energetic barrier to that charge transfer process, and thereby to fluorescence quenching 

of the excited fluorophore, is lowered. When the substrate is magnetized in the opposite direction, the 

energetic barrier for fluorescence-quenching charge transfer is raised, and the ensemble is more 

intense in its fluorescence as a result. Utilizing chemical lift-off lithography (CLL),42 a subtractive 

patterning technique applicable to a wide range of metal and semiconductor surfaces,43 to pattern 

square arrays of ds-DNA/dye in non-fluorescent alkanethiol backgrounds,44 Abendroth et al. 

rigorously characterized relative fluorescence intensity (vs. background intensity) under magnetization 

up and down conditions. Each sample was imaged multiple times under both magnetization 

conditions, with the intensity of the patterned regions compared to that of the non-active background 

regions and then contrast across magnetization conditions. This method accounts for                    

sample-to-sample variation and enables collection and analysis of large quantities of data. 

Magnetization dependence in fluorescence intensity, as an indirect measure of spin-selective charge 

transfer, was observed only when ds-DNA SAMs were prepared on ferromagnetic substrates and 

when the fluorescent dye used was electronically well coupled to the DNA base stack (Figure I.11.b).  
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Figure I.11: a) Experimental schematic of magnetization-dependent fluorescence quenching in self-assembled 
monolayers of double-stranded DNA on ferromagnetic substrates. The DNA molecules incorporate a 
fluorescent perelynediimide (PDI) derivative, and the relative fluorescence intensity of this molecular complex, 
dependent on the magnetization orientation of the ferromagnetic substrate, serves as an indirect measure of 
spin-selective charge transfer through the chiral DNA double helix. b) Magnetization-dependent relative 
fluorescence intensities for (left to right) self-assembled monolayers of DNA containing PDI on ferromagnetic 
substrates, for self-assembled monolayers of DNA containing PDI on diamagnetic gold substrates, and for 
self-assembled monolayers of DNA weakly electronically coupled to covalently tethered cyanine dye (Cy3) on 
ferromagnetic substrates. Statistically significant magnetization dependence in fluorescence intensity was only 
observed when DNA molecules were assembled on ferromagnetic substrates and were well coupled to the 
fluorescent dye molecules. Reproduced with permission from reference 41. Copyright 2017 American Chemical 
Society. 

 
In contrast to previous work surveyed, this method is non-disruptive, avoiding the necessity 

for physical contact by scanning probes or irradiation by X-rays, however, quantitative determination 

of energetic barriers is much less direct than in other approaches due to high rates of charge 

recombination relative to charge transfer. Nonetheless, photoinduced charge transfer, utilizing a chiral 

molecular bridge and a source or sink of spin-polarized electrons (such as a magnetic substrate or a 

photoexcited dye or nanoparticle stimulated by circularly polarized light), has proven to be a powerful 

tool, and has enabled the analysis of a wide range of chiral molecular and hybrid systems, including 

peptides,45–49 proteins,50 chiral quantum dot dyads51, and biological electron-transfer systems such as 

Photosystem I.52  

 

 

a) b) 



 
26 

I.D.3. Electrochemistry 

 Another weakly perturbative approach that has been employed successfully to characterize 

spin-dependent charge transport through chiral molecular monolayers is to measure magnetization-

dependent electrochemical redox behavior wherein a redox agent interacts with a chiral molecule 

adsorbed onto a magnetic surface, and its rate of reduction or oxidation is controlled by the orientation 

of the underlying magnetic substrate and the molecular handedness of the chiral constituent.53 This 

technique has the added advantage of more directly accessing charge transfer rates by means of 

monitoring electrochemical redox current. 

 Zwang et al. applied electrochemical methods to characterize redox behavior of various probes 

interacting with SAMs of ds-DNA on Ni substrates with thin (~10 nm) Au capping layers.54 Methylene 

blue (MB) is a redox-active species that is capable of strongly electronically coupling to a DNA              

p-stack via reversible intercalation and undergoes a two-electron reduction to leucomethylene blue 

(LB).55 Through integration of the Faradaic response across the MB reduction potential range as a 

function of Ni magnetization orientation, Zwang et al. were able to quantify magnetization-dependent 

rates of LB formation, and thereby magnetization-dependent charge transfer rates from the magnetic 

substrate, through the ds-DNA SAM, and into the MB redox probe (Figure I.12.a). Cyclic 

voltammograms were collected with samples sitting atop a permanent neodymium magnet with its 

magnetic north pole either parallel (up) or antiparallel (down) to the sample surface normal. In MB 

reduction through SAMs of ds-DNA on Ni films with a thin capping layer, Zwang et al. found a clear 

preference for electrochemical reduction when samples were magnetized up, manifesting as a greater 

reduction current at the same potential compared to magnetization down conditions (Figure I.12.b). 

This asymmetry in integrated reduction peak area was found to be length dependent as well, rising 

from ~7% for 19 base pair ds-DNA to ~29% for 60 base pair ds-DNA. Control experiments using 

ss-DNA revealed no magnetization dependence, as expected. Additional control experiments using 
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Ru(NH3)6
2+ as a non-intercalative redox probe revealed that spin selectivity in charge transport 

through the ds-DNA layer is only present when the redox probe is strongly coupled directly into the 

DNA p-stack, in agreement with previously discussed work by Abendroth et al. (see I.D.2.). When MB 

reduction was tracked in SAMs of ds-DNA on Ni substrates with thick (~35 nm) Au capping layers, 

the previously observed spin selectivity was quenched, likely due to spin randomization in electron 

transport through the gold film caused by strong spin-orbit interactions. 

  At high ionic strength, ds-DNA sequences containing many repeat cytosine-guanine (CG) 

base pairs are known to adopt a left-handed Z-form conformation; this transition also occurs at 

moderate ionic strength in sequences containing many CG base pairs in which the cytosine moiety 

has been modified via methylation (mCG).56 Zwang et al. leveraged this conformational transition to 

characterize helix-dependent spin selectivity in MB reduction through SAMs of ds-DNA. Reduction 

of MB through SAMs of 30 base pair ds-DNA was measured as a function of substrate magnetization 

(up vs. down) for both methylated and unmethylated DNA as described previously. Upon addition of 

10 mM MgCl2, methylated ds-DNA underwent a transition from right-handed B-form to left-handed 

Z-form conformation. This tertiary structure inversion was accompanied by inversion in the preferred 

magnetization orientation for reduction of MB (Figure I.12.c). When these methylated ds-DNA SAMs 

were rinsed thoroughly with water, the molecules re-adopted a B-form conformation, and the original 

magnetization preference was restored. Samples prepared with SAMs of unmethylated ds-DNA did 

not demonstrate any significant change in magnetization-dependent MB redox rates under following 

addition of MgCl2 (Figure I.12.d).  
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Figure I.12: a) Experimental schematic of methylene blue (MB) reduction to leucomethylene blue (LB) 
mediated by charge transfer through surface-adsorbed double-stranded DNA as a function of nickel 
magnetization orientation. b) Enhanced representative cyclic voltammogram demonstrating          
magnetization-dependent reduction of MB (entire voltammogram inset). c) Representative current difference 
voltammogram (as Iup - Idown) for MB reduction mediated by charge transfer through monolayers of methylated 
double-stranded DNA sample, under low ionic strength (left) and moderate ionic strength (right) conditions. 
Tertiary structure inversion from right-handed B-form DNA to left-handed Z-form DNA is accompanied by 
an inversion in the preferred magnetization orientation for MB reduction. d) The same behavior is not seen 
when methylated DNA is substituted for unmethylated DNA, which does not undergo a conformational 
inversion at moderate ionic strength. Adapted with permission from reference 54. Copyright 2016 American 
Chemical Society. 

 

Beyond the thorough work of Zwang et al., electrochemical methods have been employed to 

characterize spin-selective redox behavior in magnetic films functionalized with amino acids and chiral 

a) b) 

c) 

d) 
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conductive polymers,57,58 and are often used as complementary methods, e.g. to corroborate spin 

selectivity observed in photoemission or photoinduced charge transport.29,30,59    

I.E. THEORY OF SPIN-SELECTIVE TRANSMISSION OF UNBOUND 

ELECTRONS THROUGH CHIRAL MOLECULES 

 Efforts to model unexpected spin-selective interactions between electrons and chiral 

molecules have accompanied experiment since the inception of the field. Initial theoretical work by 

Rich and Van House modeled elastic electron scattering from simple two-electron closed-shell 

molecules, and found that spin-orbit interactions gave rise to nonzero net electron helicity as a 

consequence of exchange interactions between the scattering and bound electrons.6 The calculated 

helicity values were found to increase with the square of the atomic number of the heaviest element 

present in the molecule, in loose agreement with experimental work by Mayer et al. (see I.B.). Blum 

and Thompson subsequently reported that spin-selective scattering may also arise as a consequence 

of molecular orientation, even in achiral molecules.60 An electron incident on an achiral but oriented 

molecule may view the molecule as being part of a screw simply as a byproduct of experimental 

geometry, although integration over all angles of incidence averages away this geometric effect and 

reveals chirality as a necessary condition for spin-selective scattering from randomly oriented 

molecules,7,61 corroborating early vapor phase experiments.5,8,9,62 Musigman et al. further developed this 

framework for coherent, elastic low-energy electron scattering from oriented chiral molecules.63,64  

 To address spin-selective electron transmission through chiral molecular SAMs, Yeganeh et al. 

applied scattering theory to free electrons on helical paths to derive differential elastic scattering cross 

sections.65 Calculated spin polarization values were found to be dependent on the helix handedness, 

in agreement with experimental work by Kettner et al. and Zwang et al. (see I.C.2. and I.D.3., 

respectively).31,54 Vager and Naaman have suggested that cooperative molecular dipole effects in 

densely packed, oriented SAMs of chiral molecules may give rise to unexpected magnetic fields within 
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the molecular layer itself.66 Yeganeh et al. further reported that spin polarization of free electrons 

scattering through helical molecules should increase proportionally with electron energy, with the rate 

of increase modulated by the strength of the spin-orbit effect built into the model. Notably, this energy 

dependence contrasts with experimental work by Kessler et al. and Rosenberg et al. (see I.C.2.), 

highlighting the difficulty in accurately describing all experimental results tied to chirality-induced spin 

selectivity with a unifying set of principles.8,9,26 Medina et al. have suggested that incoherent elastic 

multiple scattering may give rise to spin polarization for electrons transmitted through chiral helical 

structures, and that enhanced spin-orbit effects may be attributed to increased molecular density of 

molecules in a SAM compared to in the vapor phase, thereby causing the wavefunctions of the 

scattered electrons to sample many molecular orbitals. This study outlined an energetic dependence, 

within the window of 0 – 10 eV, more in line with present experimental data.67 

Gersten, Kaasbjerg, and Nitzan subsequently introduced the concept of induced spin filtering, 

resulting from a summation of spin effects attributed to both the metal-molecule interface and 

intrinsic molecular filtering.68 A simplified semi-classical model describing low-energy bound electrons 

moving along a helical path was employed to demonstrate that spin-flip events in electron transmission 

through chiral barriers are unlikely to contribute to observed spin selectivity, a conclusion reached 

independently by Vager and Vager around the same time,69 and supported by Nürenberg and 

Zacharias in later analytical work.70 Gersten et al. expanded their model to consider overbarrier 

transmission of unbound electrons through ordered helical structures and reported that spin-selective 

electron transmission may be induced as a product of orbital angular-momentum dependence in elastic 

electron scattering, increasing linearly with the length of the helix. The authors also noted that spin-

polarization may result as a byproduct of photoemission dichroism within the monolayer itself, though 

no numerical results were presented. Similarly, Eremko and Lotkev employed the semi-classical 

Wentzel-Kramers-Brillouin approximation to calculate transmission coefficients for free electrons 
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moving through the major groove of a model DNA-like molecule, predicting that longitudinal spin 

polarization of transmitted electrons should increase linearly along with the length of the DNA,71 in 

agreement with experimental work by Göhler et al.24  

 To explain the lack of experimentally observed spin polarization in higher-energy (30-760 eV) 

electrons emitted from gold substrates coated with SAMs of ds-DNA, Rosenberg et al. proposed a 

model in which multiple scattering of an electron through the chiral environment is a necessary 

prerequisite for the manifestation of significant room-temperature spin polarization. This condition 

implies a strong momentum dependence; the de Broglie wavelength of an electron must be long 

enough to ensure that the residence time within the chiral environment is sufficient to facilitate double 

scattering, but short enough to be comparable to the length of the chiral helix through which it is 

propagating. This model gives rise to a oscillatory relationship between electron energy and expected 

spin polarization induced by transmission through a ds-DNA SAM, with the greatest effects being 

anticipated at kinetic energies around 3-4 eV, in qualitative agreement with previous experimental 

work (Figure I.13).26  

Kuzmin and Duley, noting that the weak spin-orbit interactions within organic species           

(~6 meV for carbon atoms) should classically limit spin polarization in electron transmission through 

chiral molecules, approach this phenomenon from another angle. Calculating the allowed wavevectors 

for bound electrons in the first Brillouin zone of a ds-DNA molecule in two-dimensional reciprocal 

space, Kuzmin and Duley note that, due to the product of the C2 axial symmetry and translational 

symmetry of the molecule, all electron states in this reciprocal space have positive chirality (with 

respect to the k-wave vector).72 The helicity of these states induces an asymmetry in transmission of 

low-energy photoelectrons, dependent on electron spin. Calculations based on first-order perturbation 

theory reveal that electrons of appropriate kinetic energy with helicity matching that of the vacant 
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states between the LUMO and vacuum levels of the DNA are more effectively absorbed by the 

molecular film, leading to a net longitudinal spin polarization of the transmitted electrons. 

 

 

 

 

 

 

Figure I.13: Spin polarization mapped as a function of electron wavevector, as modeled by Rosenberg et al. 
Kinetic energy dependence on longitudinal spin polarization is oscillatory and most significant at low energy. 
Model double helix parameters are inset (b represents helical pitch, with a positive pitch corresponding to a 
right-handed helix). Regions of the spectrum highlighted in red, green, and blue correspond to experiments 
conducted using low-energy lasers (6.4 eV) and synchrotron radiation at the Synchrotron Radiation Center     
(30 – 50 eV) and Advanced Photon Source (410 – 760 eV), respectively. Reproduced with permission from 
reference 26. Copyright 2013 American Chemical Society.  

  

To address the problem of weak spin-orbit coupling in organic species, Dalum and Hedegård 

propose that cumulative effects – arising from the interactions of an electron with many different 

atoms while moving along the longitudinal axis of a chiral molecule –  may induce polarization if the 

orbitals sampled by the electrons exhibit a preferential orientation (Figure 1.14a-c).73 In a molecule 

with helical symmetry, local contributions from adjacent sites are related to one another by simple 

rotation about the longitudinal axis, thereby giving rise to a cumulative effect along that axis. 

Conversely, interactions in the plane orthogonal to the longitudinal axis cancel one another. 

Employing the non-equilibrium Green function technique, a perturbative approach, Dalum and 

Hedegård report that while a single low-energy (< 2 eV) electron moving along a chiral molecule may 
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become polarized, the average polarization across many electrons tends toward zero if the probability 

of the electron’s initially occupied orbital depends on energy alone. More specifically, if all possible 

initial electrons (entering the chiral molecule along the longitudinal axis) of equal energy are equally 

likely to be selected, the net polarization in the transmitted electron population will be zero in the first 

order. Due to the weak spin-obit interaction for carbon, higher order spin-orbit terms are vanishingly 

small. This situation may be circumvented by degeneracies in the chiral molecular spectrum. Critically, 

in the case of photoexcited electrons, the focus of this dissertation, selection rules impose restrictions 

on the initially available electrons of a certain energy, thereby precluding the possibility of orbital-

indiscriminate initialization of electrons at any given energy (Figure 1.14d).  

 

 

 

 

 

 

 

 

 

 

Figure I.14: a) Representation of how structural helicity (blue arrow) and electron velocity (red arrow) are 
modified by mirror translation across the x-z plane. It is clear that the relationship between velocity and helicity 
is inverted on either side of the mirror plane. b) Longitudinal (D) and radial (C) components of velocity for an 
electron moving along a right-handed helical trajectory. c) Representation of cumulative spin-orbit interactions 
for an electron sampling many carbon atoms as it moves longitudinally along the helical axis. The components 
of each spin-orbit interaction in the plane perpendicular to the helical axis cancel, while those parallel to the 
helical axis reinforce one another. d) Schematic of photoexcitation from the valence to the conduction band 
of a material, and subsequent transport into unoccupied states in the chiral molecules environment. Selection 
rules imposed by the photoexcitation process ensure that not all energetically equivalent states are equally likely 
to be populated, thereby providing a necessary condition for net spin polarization in transmitted electrons. 
Adapted with permission from reference 73. Copyright 2019 American Chemical Society.  

a) 

b) c) 

 d) 



 
34 

 

Although spin-orbit effects are weak in the light elements that make up organic molecules, the 

curvature inherent in helical systems may give rise to an extra spin-orbit term, which would also affect 

the spin-selective interactions experienced by an electron within that chiral molecular    

environment.74–76 Shitade and Minamitani have recently reported the emergence of a geometric       

spin-orbit term as a consequence of the helical curvature of a model DNA-like right-handed helix.77 

The value of the geometric spin-orbit term, calculated for this model helix, was found to be on the 

order of 100 meV, significantly greater than the bare spin-orbit interaction expected from a light 

carbon atom, and in agreement with experimentally determined magnetism- and chirality-dependent 

electrostatic potential barriers measured for SAMs of chiral peptides on magnetic substrates measured 

via Kelvin probe microscopy.78 

Despite the advances made in modeling of the CISS effect over the past 20 years, elements 

are missing in current theoretical descriptions. Theory appears capable of describing certain 

experimental results via tuning of model parameters, but comprehensive description across various 

experiments and systems remains elusive, and much work remains to be done in elucidating the 

molecular and environmental parameters underlying the CISS effect. Although the focus of this 

dissertation remains the understanding of spin-selective interactions between unbound electrons and 

chiral molecules, significant advances have been made in the past 20 years with regards to modeling 

spin selectivity in bound electron transport through chiral systems as well, mostly using tight-binding 

and continuum approaches.79–95  

 

I.F. CHALLENGES 

 Spin-selective interactions between electrons and chiral molecules have been unequivocally 

established through a wide range of experimental paradigms. The polarization values reported for 
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electrons vary dramatically across systems – due in part to the great variability across the measurements 

themselves in terms of electron energy and molecular structure – and do not easily lend themselves to 

direct comparison. Excepting DNA and a-helical peptides, most chiral molecular systems are not 

readily extendable, making unifying studies elucidating the relationship between molecular length and 

spin polarization less than straightforward. Indeed, it appears that even those two classes of chiral 

molecules, which may be designed with specific lengths in mind via the modulation of number of base 

pairs and amino acids, respectively, demonstrate different length-polarization trends, with spin 

polarization in transmission scaling linearly with DNA length but quadratically with peptide length.78 

The great diversity in measurement techniques applied to study the CISS effect are advantageous in 

highlighting the wide range of circumstances under which the effect appears to be relevant, but the 

lack of experimental standards precludes ready comparison between ensembles, as most experiments 

(other than those that employ Mott polarimetry or other directly quantitative spin-sensitive detectors) 

are actually measuring dissimilar indirect measures of spin-dependent interaction asymmetries 

between electrons and chiral molecules. It is likely that standardized measurement protocol will 

emerge as the field matures. One unavoidable consideration that must be kept in mind when applying 

photoelectron spectroscopy (or other perturbative methods) to organic SAMs is radiation damage. 

Organic molecules are readily damaged during the photoemission measurement process, either by 

direct photolysis induced by UV or X-ray photons, or else ionizing collisions with high energy 

electrons or dissociative electron attached induced by electrons with energy below the ionization 

threshold of the molecules.96 Radiation damage may be mitigated by limiting the fluence of the exciting 

light source, as highlighted by Göhler et al.,24 or by limiting measurement time at each location on any 

given sample.26 The rate of degradation may even be incorporated into the experimental design, as 

done by Rosenberg et al.22 However, in most cases, radiation damage is simply a nuisance and an 

obstacle to experiment. For these reasons and others, much attention has recently been paid to hybrid 
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organic-inorganic chiral materials, which often exhibit improved resilience to UV and X-ray 

irradiation. Despite these barriers, the CISS effect has emerged as a topic of great interest to physicists, 

chemists, engineers, and biologists alike, due to its widely ranging implications for understanding the 

origins of homochirality in Nature and designing novel spintronic devices for energy and memory 

applications. 
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CHAPTER II 
 

Spin-Dependent Ionization of Chiral Molecular Films 
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II.A. 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.1,2 This spin-filtering 

phenomenon is attributed to the chiral-induced spin selectivity (CISS) effect,3-5 analogous to electron 

dichroism by gas-phase chiral molecules,6,7 and has attracted recent attention in studying charge 

transfer8-13 and polarization14-17 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.18-21 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 b-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 
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transmission of spin-up vs. spin-down electrons through chiral molecular assemblies. 

The experimental schematic for the UPS measurements is illustrated in Figure II.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.18-21,24 Compared to randomly dispersed molecules in the gas phase, 

surface assemblies impart orientation and alignment that enhance and focus asymmetry in scattering 

low kinetic energy electrons. The higher densities of molecules within films compared to the gas phase 

enable the interactions of photoelectrons with strengthened chiral fields due to proximity effects.24 

The work function (!), defined as the difference between the photon energy, ℎ# (21.22 eV), 

and the binding energy of the secondary electron cutoff (i.e., maximum binding energy), $%&'( :   

																! = ℎ# − $%&'( (II.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.  
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Figure II.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 ℎ# reflects the 
polarization within the metal dictated by the magnetization orientation, M. The Fermi edge and minimum 
binding energy, $%&,-, of the metal is at 0 eV, and the secondary electron cutoff of electrons with maximum 
binding energy is $%&'(. 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 band edge of the spectra, $%&,- 
, and the secondary electron cutoff, $%&'(, 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, ., is used to calculate the photoionization energy, /, of the organic films.  

 

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 
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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.25 

Photoemission from diamagnetic molecules using unpolarized or linearly polarized radiation, 

however, is not expected to yield spin-polarized photoelectrons.26  

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.27,28 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. 

The photoionization energy of the organic film (/) is defined as the energy difference between 

the photon energy and the width of the photoelectron spectra:  

																/ = ℎ# − 0$%&'(	 − $%&,-1 = ℎ# −. (II.2) 

where $%&,- and . represent the valence band edge (i.e., minimum binding energy) and the spectral 

width, respectively. An electron-helicity-dependent ionization cross section would be physically 

manifested as a dependence of / 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.29 In this case, holes would be more 

efficiently filled when substrates are in the preferred magnetization orientation, corresponding to a 
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lower /. In the opposite magnetization orientation, a greater accumulation of positive charge within 

the chiral organic layer would result in a higher	/. 

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 has been 

demonstrated within this charge-transfer regime for bound electrons,11,12 and spin-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 Thus, differences in / between 

substrate magnetization orientations may result from spin-dependent charge transfer through the 

chiral organic molecules. 

 

II.B. RESULTS 

II.B.1. 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]69/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 SII.1), 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.9,13 

The magnetic hysteresis of this substrate material is shown in Figure II.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 
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substrate design also made it possible to magnetize substrates reproducibly to sub-saturation 

conditions via minor loops (as shown by the open symbols in Figure II.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 II.2b and II.2c at 

full saturation, respectively. No differences in ! were measured between opposite magnetization 

conditions for bare substrates (Figure II.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 SII.1). The energies of the secondary 

electron cutoffs, Fermi edges, and ! can be found in Table SII.2. 
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Figure II.2: Characterization of bare ferromagnetic multilayer (FM) films with composition: glass substrate/Ta 
3/Pt 2/[Co 0.6/Pt 0.3]69/Co 0.6/Au 1 (layers in nm). a) 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. c) 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). 

 

II.B.2. Spin-Selective Photoemission from L-Peptide Monolayers 

We investigated right-handed α-helical peptides (henceforth L-peptides) composed of (N 

terminus à C terminus) [K(Aib)A(Aib)A]6KC, 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,10 which was confirmed in solution by 

circular dichroism spectroscopy (Figure SII.2). 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 II.3a). Peptide assembly on FM surfaces was 

confirmed by the presence of amide I and II stretching bands observed via infrared reflection-
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absorption spectroscopy (Figure SII.3a).  

 

 

 

 

 

 

 

 

 

 

Figure II.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). a) 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. e) 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; ns is not significant (P 
> 0.05). 

 
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 II.3b and II.3c, 

respectively. The average energies of $%&,- and $%&'( measured for each magnetization condition are 

shown in Figure II.3d.  

Two-way analysis of variance showed a significant interaction between substrate 
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magnetization orientation and saturation condition for / when FM substrates were functionalized with 

L-peptide SAMs. Post hoc analysis revealed that ionization energies were significantly lower when the 

magnetization of substrates were oriented up vs. down only when FM substrates were fully magnetized 

(Figure II.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. 

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 à N terminus) of the α-helices pointing away from the surfaces (Table SII.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 SII.2). 

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 SII.3). 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 
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in film growth to increase substrate coercivity (Figure SII.4).  

We also tested for dependence of / on the substrate magnetization orientation when collecting 

photoelectrons at angles of 15° and 30° relative to the surface normal by tilting the samples (Figure 

II.3f). While peak intensities and integrated areas decreased with increasing angle of photoemission 

(Figure SII.5), 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 /. This finding 

indicates that / does not depend on both magnetization orientation and angle. However, post hoc analysis 

revealed that ionization energies were significantly lower when the magnetization of substrates were 

oriented up vs. down at all three angles (*P < 0.05). These results suggest that the relative differences 

in / 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.15 Recently these surface-charge-mediated interactions enabled 

the enantiomeric separation of racemic mixtures by achiral ferromagnetic substrates.16 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).16 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.41,42 Molecular films move towards 

(although never reach) thermodynamic equilibrium during SAM formation,41,43-45 which likely explains 
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the reduced enantioselectivity in adsorption observed by Banerjee-Ghosh et al. at longer time scales.16  

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 SII.6a). 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 SII.6b). 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 II.3e), 

measuring a lower ionization energy when substrates were post-magnetized up vs. down (Figure SII.7). 

Based on results observed with L-peptide SAMs, we hypothesized that surfaces functionalized 

with D-peptide SAMs of opposite chirality (Figure SII.2), where each K, A, and C residues are of         

D-form, would show instead higher / when the magnetization of substrates were oriented parallel to 

the surface normal. Preparation of SAMs and UPS measurements (Figure SII.8) 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 / 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 SII.9), the average thickness of D-peptide SAMs was 1.9 ± 0.3 nm 

(Table SII.3), suggesting an even poorer surface coverage or greater tilt (ca. 67° relative to the surface 

normal) compared to that of L-peptide SAMs. These results reflect the lower signal intensity measured 

in infrared reflection-absorption measurements (Figure SII.3). Deviation of molecules from alignment 
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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.24,46 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 L- and D-peptides formed from racemic mixtures. 

While SAMs formed from racemic mixtures may result in phase separation into homochiral 

conglomerates,42,47 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 / between substrate magnetization orientations when fully saturated 

(Figure SII.10). 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- vs. right-handed circularly polarized light through films of L-stearoyl lysine films disappeared 

when films were formed with minor (1%) impurities of D-stearoyl lysine.24 

 

II.B.3. 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 (dBSA) conditions (Figure 4II.a). Adsorption of BSA on various 

surfaces has been widely investigated, and generally, higher densities are achieved using charged 

substrates compared to hydrophobic surfaces.48,49 Thus, positively charged SAMs of achiral 11-amino-

1-undecanethiolate (AUT) monolayers were formed first on FM substrates (Figure SII.11) to facilitate 

the electrostatic binding of BSA molecules by association with negatively charged residues on the 
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proteins.50  

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 β-sheet content.51,52 When irreversibly 

denatured due to heating prior to surface assembly, greater loss of structural helicity and conversion 

to conformations with higher composition of β-sheets is evident by circular dichroism spectroscopy 

(Figure SII.12).53 Infrared reflection-absorption spectroscopy confirms the greater β-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-1, attributed to α-helical composition, and increase in 

absorbance in the range 1685-1633 cm-1, due to β-sheets (Figure SII.13).54 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 SII.14). Thus, films composed of dBSA have reduced a-helicity, but maintain 

chirality due to the L-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 SII.15) are shown in Figure 

II.4b. Similar to the measurements of L- 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 SII.1,2).  
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Figure II.4: Characterization of ferromagnetic multilayer (FM) substrates functionalized with self-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). a) 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; ns is not significant (P > 0.05). 

 

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 II.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.  
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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 II.4d). Post hoc analysis showed that values of / 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 SII.16). 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. 

 

II.B.4. 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 SII.17). 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 SII.18) charge neutralization methods were employed to minimize charging attributed to this 

possibility.55,56  
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Figure II.5: 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. a) 
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 
L-peptide SAMs magnetized up vs. down. c) 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; ns is not significant (P > 0.05). 

 

On average, for FM substrates functionalized with L-peptide SAMs, lower values of / 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 SII.2). Using the electron flood gun, no significant differences in / as a function 

of magnetization orientation were determined at full magnetization saturation (Figure 5II.a). These 
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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 5II.b). 

A lower ! was measured for FM surfaces functionalized with L-peptide SAMs when substrates were 

magnetized up (Figure 5II.c). 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 / was observed compared to measurements without use of the electron flood gun, and no 

differences between magnetization up vs. down conditions were determined (Figure 5II.d), analogous 

to measurements with L-peptide SAMs. However, no substrate magnetization-dependent differences 

in ! were observed with charge neutralization for AUT SAMs with dBSA films (Figure 5II.e,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 SII.3). 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 SII.19), 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 
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neutralization of the adsorbed molecules, and thus requires further investigation. 

 

II.B.5. Testing Spin-Dependent Conduction Through Protein Films 

The aforementioned differences in / 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.57,58 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 Al2O3 tunneling barrier (Figure 6II.a). 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 6II.a at room temperature. For each magnetic field orientation, 60 

devices were tested on each of three independently prepared substrates (inset, Figure 6II.b), and the 

average current values for the three substrates are shown in Figure 6II.b. 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 et al. in 
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which the magnetoresistance of solid-state bacteriorhodopsin spin valves was measured.59 While the 

native secondary structure of both bacteriorhodopsin and BSA contains multiple 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.2,60,61 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. 
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Figure II.6: 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 
(photograph in inset). Shaded areas represent standard error of the mean from N=3 substrates for each 
condition (n=60 panels tested per magnetic field orientation per substrate).  
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II.C. DISCUSSION 

II.C.1. 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.18-21,24 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.62 By UPS, we probe a previously 

untested photoelectron kinetic energy regime, and indirectly detect spin-dependent electron–chiral 

molecule interactions that may not necessarily lead to longitudinal spin filtering in transmission at all 

photoelectron energies. 

We found that / 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 / 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 / (Figure II.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 II.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 
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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 SII.3). 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	/. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.7: 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 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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Alternative explanations not involving photoelectron-induced ionization may influence / 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 / 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 / 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 
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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 /, would be expected when substrates were 

magnetized down. However, this prediction is not in agreement with our results, where lower / 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.66 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.57 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 / when substrates are magnetized down. However, this prediction does not 

match our 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. 

 

II.C.2. Relating 2 and 3 to Chiral-Induced Spin Selectivity in Photoelectron Transmission  

Interestingly, the trend in substrate magnetization orientation-dependence of / was reversed 

between a-helical L-peptide SAMs and dBSA films with high b-sheet content. If a higher / reflects a 

condition for larger scattering or ionization cross sections, our results suggest that photoelectrons 
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transmitted through L-peptide SAMs and dBSA films are preferentially polarized with left- and right-

handed helicity, respectively. The structures of surface-adsorbed BSA molecules represents a 

disorganized intermediate between these two systems, which may also explain the absence of the 

dependence of / on substrate magnetization conditions for BSA films on AUT SAMs. While both the 

peptides and proteins are composed of left-handed L-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 limit of order-of-magnitude for the 

relative energy barrier to transmission of left- vs. right-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.20 This value was 

determined by comparing the differences in the band gaps for the spin-density of states from dI/dV 

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.  



  

 
 

73 

 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 ~0-2 eV have been reported when Au substrates 

functionalized chiral films are irradiated with left- vs. right-handed circularly polarized light to emit 

spin polarized electrons of opposite helicity from the Au surface.18,24 In our measurements, photon 

energies are substantially larger than the ionization potential of the organic films (ℎ# ≫ /) and are 

likely insensitive to small (<1%) differences in /. Though, with surface charge neutralization, shifts in 

$%&'( 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.67,68 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.69,70 
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II.D. 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 L-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 (i.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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SII. SUPPLEMENTARY MATERIALS 

SII.A. MATERIALS AND METHODS 

SII.A.1. Materials  

Bovine serum albumin (BSA), 11-mercapto-1-undecanethiol hydrochloride (AUT), acetone, 

0.01 M phosphate-buffered saline, (PBS, [NaCl]=138 mM, [KCl]=2.7 mM, pH 7.4), and dimethyl 

sulfoxide (DMSO), were purchased from Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol was 

purchased from Decon Laboratories, Inc. (King of Prussia, PA, USA). Deionized water (∼18 MΩ) 

was obtained from a Millipore water purifier (Billerica, MA, USA). Oligopeptides were purchased 

from Bio Synthesis, Inc. (Lewisville, TX, USA) with a sequence of (N à C) [K(Aib)A(Aib)A]6KC, 

where K = lysine, Aib = α-aminoisobutyric acid, A = alanine, and C = cysteine. Left- and right-handed 

α-helical sequences, referred to as D- and L-peptides, respectively, were identical except that left-

handed α-helical sequences (D-peptide) contained the D form of all K, A, and C residues, while right-

handed α-helical sequences (L-peptide) contained the L form of all K, A, and C residues. Unless 

otherwise noted, the convention “left” and “right” refers to the helical handedness. 

 

SII.A.2. Ferromagnetic Multilayer Thin Film Growth, Characterization, and Surface 

Preparation  

Thin films with perpendicular magnetic anisotropy were fabricated on glass substrates using a 

multi-cathode magnetron sputtering system with a base pressure of <3×10-8 Torr. The stacking 

structure of samples was glass substrate/Ta 3/Pt 2/[Co 0.6/Pt 0.3]69/Co 0.6/Au 1 (layers in nm). The 

deposition was performed in an Ar gas atmosphere and the temperature was fixed at room 

temperature. The pressure during the sputtering was 10 mTorr for the Co and Pt layers and 2.7 mTorr 

for the Ta and Au layers. Prior to functionalizing the substrates, ferromagnetic multilayer (FM) 

substrates were cleaned by thorough rinsing with acetone and ethanol before being blown dry with N2.  
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The films were characterized using a MPMS 3 superconducting quantum interference device 

(SQUID) magnetometer (Quantum Design, Inc., San Diego, CA). Samples were mounted within 

translucent plastic straws to measure film magnetization out-of-plane. Hysteresis measurements 

(Figure II.2a in the main text) were slope-corrected for diamagnetic responses from the substrates by 

subtracting the constant slope at high field from each dataset. 

Prior to the functionalization of the FM thin film surfaces and photoelectron spectroscopy 

measurements, each sample (ca. 30 mm2) was magnetized up or down within the SQUID 

magnetometer by applying a magnetic field perpendicular to the plane of the surface. For surfaces 

magnetized to saturation, a field of +12 kOe or -12 kOe was applied to magnetize the substrates up 

or down, respectively. For surfaces magnetized at approximately half of their saturation magnetization, 

a field of -12 kOe or +12 kOe was applied first, followed by application of a field of +7 kOe or               

-7 kOe to magnetize the substrates up or down, respectively. 

 

SII.A.3. Ferromagnetic Multilayer Thin Film Surface Functionalization 

Single-component monolayers of L- and D-peptides were prepared by incubating clean FM 

surfaces with 0.5 mM solutions of the peptides (1:11 DMSO:PBS) for 48 h in a hydrated environment 

to prevent evaporation by pipetting stock solutions onto individual FM substrates and sealing in petri 

dishes. Mixed monolayers of L- and D-peptides were formed from racemic (1:1 mole:mole) 0.5 mM 

stock solutions. Stock solutions were prepared from solid peptides, first dissolved in DMSO, and 

diluted to 0.5 mM with PBS. Both DMSO and PBS were degassed with N2 for at least 1 h prior to 

solution preparation to minimize oxidation of the cysteine residues resulting in disulfide formation. 

Following monolayer formation, substrates were rinsed with deionized water and blown dry with N2. 

Rinsing and drying cycles were performed twice. 

Preparation of BSA and denatured BSA (dBSA) films began with the formation of self-
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assembled monolayers of AUT formed on clean FM thin films by immersing substrates in a 1 mM 

ethanolic solution of AUT for 18 h. The substrates were then rinsed with ethanol and blown dry with 

N2 and immersed in 1 mg/mL solutions of BSA in PBS for 48 h to prepare BSA films electrostatically 

adsorbed to the AUT SAMs. To prepare sample surfaces functionalized with denatured BSA, stock 

solutions of 1 mg/mL BSA in PBS were first heated at 95 °C for 30 min and cooled slowly to room 

temperature before incubating with AUT-functionalized substrates. Following monolayer preparation, 

substrates were rinsed with deionized water and blown dry with N2.  

 

SII.A.4. Circular Dichroism Spectroscopy 

Measurements were carried out on a J-715 circular dichroism spectrophotometer (JASCO Inc., 

Easton, MD, USA) at room temperature with four scans per sample. The resolution was 0.5 nm, the 

bandwidth was 1.0 nm, the response time was 8 s, and the collection speed was 20 nm/min. Average 

scans are shown after baseline subtraction of spectra taken with just ethanol (for peptides) or PBS (for 

BSA and dBSA). 

 

SII.A.5. Ellipsometry 

Measurements were carried out in ambient conditions using an LSE Stokes Ellipsometer 

(Gaertner Scientific Corporation, Skokie, IL, USA), utilizing a 632.8 nm HeNe laser measuring beam 

with a 70° angle of incidence. Optical constants for FM multilayers were referenced from the literature 

for similar material stacks.71 The refractive indices and extinction coefficients of organic layers were 

set to 1.5 and 0 respectively, a standard approximation in the ellipsometric measurement of organic 

thin films using visible light.72,73 Thicknesses were calculated from an average of 5 measurements per 

sample. All samples were prepared as above. 
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SII.A.6. Infrared Reflection-Absorption Spectroscopy 

Measurements were performed using a Nicolet 6700 FT-IR (Thermo Electron Corporation, 

Madison, WI, USA) in reflectance mode with infrared light incident at ca. 70° relative to the surface 

normal. Spectra with 512 scans and a resolution of 4 cm-1 were collected for all cases. Samples of         

L- and D-peptide SAMs on FM substrates were prepared as described above. For sufficient signal to 

noise ratios, samples of BSA and dBSA were prepared by vacuum drying 50 mg/mL and 1 mg/mL 

solutions in PBS on AUT SAMs on FM substrates. The infrared reflection-absorption spectra 

therefore do not reflect the exact structure of the proteins on samples used for photoelectron 

spectroscopy measurements, but can be used to empirically compare structural differences between 

films of native BSA and its thermally denatured forms.  

 

SII.A.7 Atomic Force Microscopy 

Bare and functionalized FM thin film surfaces were imaged by atomic force microscopy using 

a Dimension Icon scanning probe microscope (Bruker, Billerica, MA). Surface topographies and 

mechanical properties were simultaneously measured using the PeakForce Quantitative 

Nanomechanical Property Mapping (PeakForce QNM) mode. ScanAsyst-Air cantilevers (Bruker, 

spring constant = 0.4 ± 0.1 N m-1, resonant frequency = 70 kHz) were calibrated with a clean piece 

of silicon wafer before every measurement. A peak-force set-point of 400 pN and a scan rate of 1 Hz 

was maintained for all measurements. The Nanoscope Analysis software (Bruker) was used to analyze 

and to calculate root mean square (Rq) and average (Ra) roughnesses for all images. Average grain areas 

were determined via the watershed algorithm using Gwyddion.74,75 

 

SII.A.8. Surface Characterization by X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy of FM thin film surfaces was done using an AXIS Ultra 
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DLD photoelectron spectrometer (Kratos Analytical Inc., Chestnut Ridge, NY) and a monochromatic 

Al Ka X-ray source with a 200 µm circular spot size under ultrahigh vacuum (10-9 Torr). All samples 

were grounded by copper clips in contact with the top metal surfaces of each substrate, and tightly 

secured onto the sample holder with copper screws. The heights of all samples were optimized prior 

to spectral acquisition to maximize the signal to noise. High-resolution spectra of C 1s, O 1s, N 1s, 

Co 2p, Pt 4f, and Au 4f were acquired at a pass energy of 20 eV using a 300 ms dwell time. For all 

scans, 15 kV was applied with an emission of 15 mA. An average of 15 scans were collected for each 

of the high-resolution spectra. X-ray photoelectron spectra were fit with the CasaXPS Software 

Version 2.3.17PR1.1 using a Shirley background and Gaussian-Lorentzian peak shapes.  

 

SII.A.9. Surface Characterization by Ultraviolet Photoelectron Spectroscopy 

Measurements of FM multilayer thin film surfaces (N = 6 to 10 substrates per experimental 

condition) were done using a Kratos AXIS Ultra DLD photoelectron spectrometer (Kratos Analytical, 

Manchester, UK) and a He I excitation source (21.22 eV) under a -9 V bias between the samples and 

detector. All samples were grounded by copper clips in contact with the top metal surfaces of each 

substrate, and tightly secured onto the sample holder with copper screws. The heights of all samples 

were optimized prior to spectral acquisition to maximize the signal to noise. Spectra were acquired at 

a pass energy of 5 eV with a 100 ms dwell time and aperture size of 110 µm. Three spectra were 

obtained per sample on different areas of each surface. Independent substrates with magnetization 

parallel (up) or antiparallel (down) to the surface normal were used to avoid organic film degradation 

due to UV light irradiation. The incident angle of UV irradiation was fixed at 35° relative to the plane 

of the surface for all measurements, and photoelectrons were collected with emission angles normal 

to the surface (0°) and at angles 15°, 30°, and 45° relative to the  surface normal.  

The energies of the secondary electron cutoffs and Fermi edges (onsets and offsets) were 
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measured at the x-intercept of the maximum slope of their rising edges using linear fits to the data of 

every spectrum using the OriginPro graphing software (OriginLab, Northampton, MA), as illustrated 

in Figure SII.20. These values, including their difference (corresponding to spectral widths) were 

averaged between the three spectra collected per sample to minimize random error in fitting. The 

errors represented in Tables SII.1 and SII.2 correspond to the standard errors of the means across 

different samples of number N. Spectra were fit with a Shirley background to account for uneven 

baselines using CasaXPS Software Version 2.3.17PR1.1. Values of secondary electron peak intensities 

and total integrated areas were obtained using command features within this software. For all 

experimental conditions, the secondary electron peak intensities, integrated areas of the full spectra, 

binding energy values of the secondary electron cutoff, the binding energy values of the Fermi edges, 

spectrum widths, work function, and photoionization energy values are tabulated in Tables SII.1 and 

SII.2, below. Note, due to the low signal intensity, only total integrated areas and peak heights were 

analyzed for the 45° samples due to the uncertainty in accurately measuring the secondary electron 

cutoffs and Fermi edges (Figure SII.5). 

 

SII.A.10. Collection of Ultraviolet Photoelectron Spectra with Charge Neutralization 

For measurements conducted with simultaneous charge neutralization, a uniform flood of 

unpolarized, low-energy electrons (~0.1 eV) from a coaxial (normal to the surface) source was 

delivered using a combined magnetic/electrostatic lens during spectral acquisition. Note that caution 

must be taken in assigning absolute values to the calculated work functions of insulating samples while 

using the charge neutralizer. One challenge is in measuring the secondary electron cutoff at low kinetic 

energies. With simultaneous use of the charge neutralizer, many low-energy electrons will have 

substantially higher intensities than the normal secondary cascade attributed to electrons originating 

from the sample surface and can convolute the spectra. Thus, it is critical to be able to resolve the 
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secondary cutoff from the sample and the peak generated by the neutralizer in order to accurately 

determine the work function (Figure SII.21). A second challenge for analyzing organic films by this 

method is that at the surface, the Fermi level may not be filled to reference to the detector in order to 

calculate the work function, which is a general issue for insulating materials. However, the influence 

of substrate magnetization orientation on this effect should be negligible, and thus, the relative 

differences between calculated work functions measured for FM substrates functionalized with 

organic films magnetized up vs. down can be directly compared. 

 

SII.A.11. Spin Valve Fabrication and Testing 

Prime quality 4″ Si{100} wafers (P/B, 0.001-0.005 Ω·cm, thickness 500 µm) were purchased 

from Silicon Valley Microelectronics, Inc. (Santa Clara, CA, USA), and were cut into pieces of 1.5 cm 

× 1.5 cm before fabrication of devices. Shadow masks were purchased from Photo Sciences, Inc. 

(Torrance, CA, USA). Titanium and gold of 10 and 50 nm thicknesses, respectively, were deposited 

sequentially using an electron-beam evaporator (CHA Industries, SOLUTION, Fremont, CA, USA) 

through shadow masks under high vacuum (base pressure of 10-8 Torr) with an evaporation rate of    

1 Å s-1 to form the bottom electrodes (100 µm width). 

 Bottom Au electrodes were functionalized with AUT SAMs and thin films of electrostatically 

adsorbed BSA and dBSA as described above. Top electrodes consisting of an aluminum oxide (7 nm) 

tunneling barrier and nickel (150 nm) were deposited sequentially by electron-beam evaporation 

through shadow masks rotated 90o to the original configuration under high vacuum (base pressure of 

10-6 Torr) at a rate of 1 Å s-1 and 2 Å s-1, respectively.  

 Electronic measurements were performed on a manual analytical probe station (Signatone, 

Gilroy, CA) using a Keithley 4200A-SCS (Tektronix, Beaverton, OR) semiconductor parameter 

analyzer. Current-voltage (I-V) curves were obtained by measuring the current between top and 
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bottom electrodes while sweeping the voltages from -2 V to 2 V with a step size of 10 mV. During 

measurements, a cylindrical neodymium-iron-boron magnet of ca. 0.3 T (K&J Magnetics, Pipersville, 

PA, USA) was placed directly beneath substrates. Under field-up (down) conditions, the north (south) 

pole of the magnet was flush with the backside of the substrates. For each external magnetic field 

condition, 180 separate junctions were tested across three individually prepared substrates. 

 

SII.A.12. Statistics 

GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) was used to perform 

statistical analyses. Probabilities P < 0.05 were considered statistically significant, and throughout the 

main text and Supplementary Information file, data are reported as mean values ± standard errors of 

the mean. Two-tailed, unpaired t-tests were used to compare the secondary electron peak intensities 

and integrated areas of the full ultraviolet photoelectron spectra for substrates magnetized up vs. down 

under every experimental condition (Table SII.4). Two-tailed, unpaired t-tests were also used to 

compare the photoionization energy values calculated for L-peptide SAMs and dBSA films on AUT 

SAM-functionalized FM substrates under charge neutralization, work function values under all 

conditions, photoionization energy of FM substrates functionalized with AUT SAMs, photoionization 

energies of FM substrates functionalized with mixed monolayers of L- and D-peptides, and 

photoionization energies of L-peptide SAMs under post-magnetization conditions when magnetized 

up vs. down at full saturation (Table SII.4). Finally, two-tailed, unpaired t-tests were used to compare 

individual peak areas in C 1s regions of X-ray photoelectron spectroscopy before vs. after use of the 

electron flood gun on L-peptide SAMs (Figure SII.18). 

 Photoionization energy values for FM substrates magnetized at full and sub-saturation and 

modified with SAMs of L- and D-peptides, photoionization energies of L-peptide SAMs measured at 

0° vs. 15° vs. 30° collection angles, and photoionization energies of samples with BSA and dBSA films 
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electrostatically bound to AUT SAMs, were evaluated by two-way analysis of variance (Table SII.5). 

Analysis was followed by Bonferroni post hoc tests if significance was determined in the interaction or 

in the main effects of substrate magnetization orientation or magnetization field. 

SII.B. SUPPLEMENTAL FIGURES AND TABLES 

 

Figure SII.1: Representative high-resolution X-ray photoelectron spectra of bare ferromagnetic substrates 
showing a) Co 2p, b) Pt 4f, and c) Au 4f regions. Peaks in a) were fit according to previous reports.76 
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Table SII.1: Secondary electron peak intensities and integrated areas of entire spectra for experimental 
conditions indicated in the left-hand column when samples were magnetized up or down (↑ or ↓) with ±12 
kOe or ±7 kOe applied fields. Errors represent standard errors of the means. The values of N represent the 
number of independently prepared samples from which measurements were taken. SAM: self-assembled 
monolayer; AUT: 11-amino-1-undecanethiol; BSA: bovine serum albumin; dBSA; thermally denatured bovine 
serum albumin. 

Condition Field (kOe) Secondary Electron Peak 
Intensity (a.u.) Integrated Area (a.u.*eV) N 

Bare Substrates 12 
↑ 139980 ± 3660 576030 ± 14100 9 

↓ 137880 ± 9560 477410 ± 28320 8 

AUT SAM 12 
↑ 480170 ± 11110 1236220 ± 25100 9 

↓ 476270 ± 11530 1232330 ± 24250 9 

L- and D-Peptide Mixed 
SAM 12 

↑ 95040 ± 3010 460730 ± 10540 8 

↓ 97000 ± 3520 478590 ± 16600 8 

L-Peptide SAM 

12 
↑ 127590 ± 7760 641490 ± 31340 10 

↓ 111620 ± 7930 585400 ± 38360 10 

7 
↑ 162170 ± 7340 799080 ± 29380 8 

↓ 150840 ± 5600 752250 ± 24420 8 

D-Peptide SAM 

12 
↑ 128240 ± 7390 651210 ± 27310 10 

↓ 132830 ± 10200 666430 ± 34210 10 

7 
↑ 83560 ± 9680 411960 ± 31040 7 

↓ 94250 ± 4840 465520 ± 21270 8 

AUT SAM + BSA 

12 
↑ 320170 ± 5300 1236170 ± 21310 10 

↓ 314530 ± 8340 1227050 ± 32940 9 

7 
↑ 322190 ± 16670 1291220 ± 61190 9 

↓ 327390 ± 12870 1316720 ± 46760 8 

AUT SAM + dBSA 

12 
↑ 381590 ± 7570 1424330 ± 26170 10 

↓ 389230 ± 11060 1455510 ± 37110 8 

7 
↑ 235920 ± 7100 94800 ± 22650 10 

↓ 251720 ± 6740 994360 ± 22930 10 

AUT SAM + dBSA 
(charge neutralized) 12 

↑ 48230 ± 2200 187390 ± 5200 6 

↓ 45320 ± 1590 178110 ± 5800 8 

L-Peptide SAM 
(charge neutralized) 

12 
↑ 20780 ± 1530 87790 ± 4790 9 

↓ 20180 ± 1020 90320 ± 4140 10 

L-Peptide SAM 
(15° photoemission) 

12 
↑ 12100 ± 510 56920 ± 2000 10 

↓ 13300 ± 280 60570 ± 1100 10 

L-Peptide SAM 
(30° photoemission) 

12 
↑ 7670 ± 190  36180 ± 1090  9 

↓ 8090 ± 130  38670 ± 610  9 

L-Peptide SAM 
(45° photoemission) 

12 
↑ 1040 ± 140 4580 ± 590 10 

↓ 1490 ± 460 6660 ± 2120 5 

L-Peptide SAM 
(post-magnetization) 

12 
↑ 20780 ± 370  103780 ± 1760  9 

↓ 21670 ± 720  108160 ± 3680  9 
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Table SII.2: Binding energies of the secondary electron cutoffs ($%&'() and valence band (Fermi) edges ($%&,-), 
spectra widths (W), work functions (!), and photoionization energies (/) determined from ultraviolet 
photoelectron spectra when samples were magnetized up or down (↑ or ↓) and magnetized with ±12 kOe or 
±7 kOe applied magnetic fields. Errors represent standard errors of the means. The values of N represent the 
number of independently prepared samples from which measurements were taken. SAM: self-assembled 
monolayer; AUT: 11-amino-1-undecanethiol; BSA: bovine serum albumin; dBSA; thermally denatured bovine 
serum albumin. 

Condition Field 
(kOe) 89:;< (eV) 89:=> (eV) W (eV) 3 (eV) 2 (eV) N 

Bare Substrates 12 
↑ 16.68 ± 0.01 0.01 ± 0.01 16.67 ± 0.01 4.54 ± 0.01 - 9 

↓ 16.67 ± 0.00 0.01 ± 0.01 16.67 ± 0.01 4.54 ± 0.01 - 8 

AUT SAM 12 
↑ 17.19 ± 0.01 1.24 ± 0.01 15.95 ± 0.01 4.03 ± 0.01 5.27 ± 0.01 9 

↓ 17.19 ± 0.01 1.25 ± 0.01 15.94 ± 0.01 4.03 ± 0.01 5.28 ± 0.01 9 

L- and D-Peptide Mixed 
SAM 12 

↑ 17.08 ± 0.01 3.09 ± 0.01 13.99 ± 0.01 4.14 ± 0.01 7.23 ± 0.01 8 

↓ 17.07 ± 0.01 3.09 ± 0.01 13.98 ± 0.01 4.15 ±0.01 7.24 ± 0.01 8 

L-Peptide SAM 

12 
↑ 17.13 ± 0.02 3.04 ± 0.01 14.09 ± 0.03 4.09 ± 0.02 7.13 ± 0.03 10 

↓ 17.12 ± 0.02 3.13 ± 0.02 14.00 ± 0.01 4.09 ± 0.02 7.22 ± 0.01 10 

7 
↑ 17.20 ± 0.03 3.15 ± 0.02 14.05 ± 0.02 4.02 ± 0.03 7.17 ± 0.02 8 

↓ 17.20 ± 0.02 3.15 ± 0.02 14.05 ± 0.02 4.02 ± 0.02 7.17 ± 0.02 8 

D-Peptide SAM 

12 
↑ 17.06 ± 0.02 3.03 ± 0.02 14.03 ± 0.02 4.16 ± 0.02 7.19 ± 0.02 10 

↓ 17.14 ± 0.04 3.10 ± 0.04 14.04 ± 0.01 4.12 ± 0.02 7.18 ± 0.01 10 

7 
↑ 17.11 ± 0.06 3.07 ± 0.04 14.04 ± 0.03 4.11 ± 0.06 7.18 ± 0.03 7 

↓ 17.11 ± 0.03 3.09 ± 0.01 14.02 ± 0.03 4.11 ± 0.03 7.20 ± 0.03 9 

AUT SAM + BSA 

12 
↑ 17.36 ± 0.01 3.55 ± 0.01 13.82 ± 0.00 3.86 ± 0.01 7.40 ± 0.00 10 

↓ 17.36 ± 0.01 3.57 ± 0.00 13.79 ± 0.01 3.86 ± 0.01 7.43 ± 0.01 9 

7 
↑ 17.31 ± 0.02 3.50 ± 0.01 13.81 ± 0.01 3.91 ± 0.02 7.41 ± 0.01 9 

↓ 17.31 ± 0.01 3.51 ± 0.02 13.81 ± 0.01 3.91 ± 0.01 7.42 ± 0.01 8 

AUT SAM + dBSA 

12 
↑ 17.78 ± 0.01 3.86 ± 0.01 13.92 ± 0.01 3.44 ± 0.01 7.30 ± 0.01 10 

↓ 17.82 ± 0.02 3.86 ± 0.01 13.96 ± 0.01 3.40 ± 0.02 7.26 ± 0.01 8 

7 
↑ 17.64 ± 0.02 3.71 ± 0.02 13.92 ± 0.01 3.59 ± 0.02 7.30 ± 0.01 10 

↓ 17.65 ± 0.01 3.72 ± 0.01 13.93 ± 0.01 3.57 ± 0.01 7.29 ± 0.01 10 

AUT SAM + dBSA 
(charge neutralized) 12 

↑ 17.28 ± 0.01 3.23 ± 0.03 14.05 ± 0.03 3.94 ± 0.01 7.17 ± 0.03 6 

↓ 17.27 ± 0.02 3.21 ± 0.02 14.06 ± 0.01 3.95 ± 0.02 7.16 ± 0.01 8 

L-Peptide SAM 
(charge neutralized) 12 

↑ 17.10 ± 0.02 3.01 ± 0.02 14.09 ± 0.02 4.12 ± 0.02 7.14 ± 0.02 9 

↓ 17.02 ± 0.01 2.92 ± 0.03 14.10 ± 0.03 4.20 ± 0.01 7.12 ± 0.03 10 

L-Peptide SAM 
(15° photoemission) 12 

↑ 16.98 ± 0.01 2.87 ± 0.01 14.12 ± 0.02 4.24 ± 0.01 7.11 ± 0.02 10 

↓ 16.96 ± 0.01 2.92 ± 0.02 14.04 ± 0.02 4.26 ± 0.01 7.18 ± 0.02 10 

L-Peptide SAM 
(30° photoemission) 

12 
↑ 17.05 ± 0.01 2.90 ± 0.03 14.15 ± 0.03 4.17 ± 0.01 7.07 ± 0.03  9 

↓ 17.03 ± 0.01 2.98 ± 0.02 14.06 ± 0.02 4.19 ± 0.01 7.16 ± 0.02 9 

L-Peptide SAM 
(post-magnetization) 12 

↑ 17.02 ± 0.01 2.96 ± 0.01 14.06 ± 0.01 4.20 ± 0.01 7.16 ± 0.01 9 

↓ 17.01 ± 0.01 2.99 ± 0.02 14.02 ± 0.02 4.21 ± 0.01 7.20 ± 0.02 9 

L-Peptide SAM on Au - - 17.14 ± 0.05 3.05 ± 0.05 14.09 ± 0.10 4.08 ± 0.05 7.13 ± 0.10 2 

L-Peptide SAM on Au 
(charge neutralized) - - 17.18 ± 0.05  2.98 ± 0.05 14.20 ± 0.10 4.04 ± 0.05 7.02 ± 0.10 2 
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Figure SII.2: Molar ellipticity (ϴ) as a function of wavelength for L- and D-peptides in ethanol. 
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Figure SII.3: Representative amide I and II band region of infrared reflection-absorption spectra of                    
a) L-peptide and b) D-peptide self-assembled monolayers on ferromagnetic substrates. 
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Table SII.3: Average thicknesses of organic films on ferromagnetic substrates measured by 
ellipsometry. The errors represent standard errors of the means. The values of N represent the number 
of independently prepared samples from which measurements were taken. SAM: self-assembled 
monolayer; AUT: 11-amino-1-undecanethiol; BSA: bovine serum albumin; dBSA; thermally denatured 
bovine serum albumin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Condition Film Thickness (nm) N 

L-Peptide SAM 3.7 ± 0.5 7 

D-Peptide SAM 1.9 ± 0.3 10 

L- and  D-Peptide SAM 
(racemic solution) 3.1 ± 0.5 6 

AUT SAM 1.6 ± 0.1 6 

AUT SAM + BSA 7.1 ± 0.4 6 

AUT SAM + dBSA 9.4 ± 0.4 6 
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Figure SII.4: a) Representative atomic force microscopy topography and b) adhesion maps for bare 
ferromagnetic surfaces. Corresponding root mean square (Rq) and average (Ra) roughnesses, and mean grain 
areas are reported. 
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Figure SII.5: Representative ultraviolet photoelectron spectra of L-peptide self-assembled monolayers on 
ferromagnetic multilayer surfaces collected at photoemission angles of 15°, 30°, and 45° relative to the surface 
normal. 
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Figure SII.6: X-ray photoelectron spectroscopy measurements to test for preferential adsorption of L-peptides 
on ferromagnetic multilayer surfaces magnetized up vs. down. Substrates were pre-magnetized to saturation up 
(red) or down (blue), and subsequently incubated with 0.5 mM solutions of L-peptides for 48 h as described in 
the methods. a) Representative high-resolution X-ray photoelectron spectra of C 1s regions. b) Total integrated 
areas of C 1s spectral regions. Error bars represent standard errors of the means; N=5 samples per 
magnetization orientation with n=2 spectra collected per sample; ns is not significant (P > 0.05). 
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Figure SII.7: Photoionization energy values of L-peptide self-assembled monolayer films assembled on 
ferromagnetic multilayer substrates at full saturation, as calculated from the ultraviolet photoelectron spectra 
when films were magnetized up vs. down. Substrates were first pre-magnetized up or down, and subsequently 
incubated with 0.5 mM solutions of L-peptides for 48 h as described in the methods. Samples were then post-
magnetized to saturation in the opposite direction, with final conditions used for spectroscopy measurements 
indicated in the figure. Error bars represent standard errors of the means; *P < 0.05 vs. M down. 
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Figure SII.8: Characterization of ferromagnetic multilayer (FM) substrates functionalized with self-assembled 
monolayers (SAMs) of D-peptides by ultraviolet photoelectron spectroscopy using a helium-ion ultraviolet light 
source (He I). a) Experimental schematic for two opposite (up vs. down) magnetization orientations. b) Full, 
representative photoelectron spectra for D-peptide SAMs on FM substrates magnetized with ±12 or ±7 kOe. 
Spectra obtained from substrates magnetized up vs. down are offset for clarity. c) Secondary electron cutoffs 
(squares) and valence band edges (triangles) for D-peptide SAMs on substrates magnetized to full- and sub-
saturation. d) Photoionization energies of D-peptide SAMs on FM substrates magnetized up vs. down at full- 
and sub-saturation magnetization. Error bars represent standard errors of the means. No significance was 
determined in the interaction term or main effects from two-way analysis of variance, so post hoc tests were not 
performed.  
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Figure SII.9: a) Representative atomic force microscopy topography and b) adhesion maps for ferromagnetic 
multilayer (FM) surfaces functionalized with L-peptide self-assembled monolayers (SAMs). c,d) Analogous 
maps for FM substrates functionalized with D-peptide SAMs. Corresponding root mean square (Rq) and average 
(Ra) roughnesses, and mean grain areas are reported. 
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Figure SII.10: a) Representative ultraviolet photoelectron spectra of self-assembled monolayers (SAMs) of     
L- and D-peptides formed from racemic mixtures in solution on ferromagnetic substrates magnetized up (red) 
or down (blue) at full saturation (magnetized with ±12 kOe magnetic field). b) Photoionization energy 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). 

 

 

 

 

 

 

 

 

 

 

 

 



  

 
 

96 

 

Figure SII.11: a) Representative atomic force microscopy topography and b) adhesion maps for ferromagnetic 
surfaces functionalized with 11-amino-1-undecanethiolate (AUT) self-assembled monolayers (SAMs). 
Corresponding root mean square (Rq) and average (Ra) roughnesses, and mean grain areas are reported. 
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Figure SII.12: Molar ellipticity (ϴ) as a function of wavelength for bovine serum albumin (BSA) and thermally 
denatured bovine serum albumin (dBSA) in phosphate-buffered saline. 
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Figure II.13: Representative amide I and II band region of infrared reflection-absorption spectra of bovine 
serum albumin (BSA, solid line) and thermally denatured bovine serum albumin (dBSA, dashed line) films on 
ferromagnetic substrates. 
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Figure SII.14: Representative high-resolution X-ray photoelectron spectra showing C 1s, N 1s, and O 1s 
regions as indicated in each plot for a) ferromagnetic (FM) substrates functionalized with 11-amino-1-
undecanethiolate (AUT) self-assembled monolayers (SAMs), b) bovine serum albumin (BSA) films on AUT 
SAMs on FM substrates, and c) thermally denatured BSA (dBSA) films on AUT SAMs on FM substrates. 
Chemical states in a),76-80 and b,c)81,82 were assigned in agreement with previous reports. 
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Figure SII.15: Characterization of ferromagnetic multilayer (FM) substrates functionalized with 11-amino-1-
undecanethiolate (AUT) self-assembled monolayers (SAMs) 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). Shown are full, representative photoelectron spectra for substrates 
magnetized with ±12 or ±7 kOe. Spectra obtained from substrates magnetized up vs. down are offset for clarity. 
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Figure SII.16: a) Representative ultraviolet photoelectron spectra of ferromagnetic substrates functionalized 
with achiral 11-amino-1-undecanethiolate (AUT) self-assembled monolayers (SAMs) and magnetized up (red) 
or down (blue) at full saturation (magnetized with ±12 kOe magnetic field). b) Photoionization energy 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 SII.17: Shifts in binding energy of the secondary electron cutoff of ultraviolet photoelectron spectra 
between the first and third measurement for each sample. Error bars represent standard errors of the means. 
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Figure SII.18: X-ray photoelectron spectroscopy analysis to test for damage to L-peptide self-assembled 
monolayers (SAMs) due to the use of the electron flood gun in ultraviolet photoelectron spectroscopy (UPS) 
measurements. The C 1s spectra were deconvoluted for different chemical states attributed to C-C, C-N, and 
C-O bonds at binding energies of ca. 285, 286, and 288 eV, respectively. a) High-resolution C 1s region before 
UPS measurements when substrates were magnetized up or b) down. c) High-resolution C 1s region after three 
consecutive ultraviolet photoelectron spectra were collected per sample using the electron flood gun when 
substrates were magnetized up or d) down. e) The integrated areas of each peak were normalized to the area 
of the C-C peak for substrates magnetized up or f) down. Error bars represent standard errors of the means; 
N=5 samples per magnetization orientation with n=2 spectra collected per sample; ns is not significant (P > 
0.05). 
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Figure SII.19: a) Representative atomic force microscopy topography and b) adhesion maps for ferromagnetic 
multilayer (FM) surfaces functionalized with 11-amino-1-undecanethiolate (AUT) self-assembled monolayers 
(SAMs) and overlayer films of bovine serum albumin (BSA). c,d) Analogous maps for FM substrates 
functionalized instead with thermally denatured bovine serum albumin (dBSA). Corresponding root mean 
square (Rq) and average (Ra) roughnesses, and mean grain areas are reported. 
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Figure SII.20: Representative analysis of onset and offset regions of ultraviolet photoelectron spectra, shown 
here for peptide self-assembled monolayers on ferromagnetic multilayer substrates. a) Full spectrum. Boxed 
areas in grey indicate magnified regions of the secondary electron cutoff and valence band edge in b) and c). 
Linear fits (red) in b) and c) are used to calculate x-intercepts corresponding to $%&'(	and $%&,-, respectively.  
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Figure SII.21: Representative ultraviolet photoelectron spectrum of a peptide self-assembled monolayer on a 
ferromagnetic multilayer substrate collected simultaneously with the use of an electron flood gun. The electrons 
are generated by a tungsten filament by thermionic emission, so while the samples are flooded with nominally 
~0.1 eV electrons from the source, a broadened energy spread is observed. The raw signal intensity of the 
peak(s) attributed to electrons from the charge neutralizer is on the order of 106 counts per second. The detector 
is most likely saturated, which is also indicated by splitting of the high intensity signal a) Full spectrum. The 
boxed area in grey indicates the magnified region in b), which shows a well-separated secondary electron cutoff 
from the large signal attributed to low-energy electrons provided by the flood gun. 
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Table SII.4: Results of two-tailed, unpaired t-tests to compare secondary electron peak intensities, integrated 
areas, work functions (!), and photoionization energies (/) between sample magnetization orientations. SAM: 
self-assembled monolayer; AUT: 11-amino-1-undecanethiol; BSA: bovine serum albumin; dBSA; thermally 
denatured bovine serum albumin. 

Condition 

Secondary 
Electron 

Peak 
Intensity 

Integrated 
Area 3 2 

Bare Substrates, ±12 kOe P > 0.05 P > 0.05 P > 0.05 - 

AUT SAM, ±12 kOe P > 0.05 P > 0.05 P > 0.05 P > 0.05 

L- and D-Peptide Mixed SAM, 
±12 kOe P > 0.05 P > 0.05 P > 0.05 P > 0.05 

L-Peptide SAM, ±12 kOe P > 0.05 P > 0.05 P > 0.05 - 

L-Peptide SAM, ±7 kOe P > 0.05 P > 0.05 P > 0.05 - 

D-Peptide SAM, ±12 kOe P > 0.05 P > 0.05 P > 0.05 - 

D-Peptide SAM, ±7 kOe P > 0.05 P > 0.05 P > 0.05 - 

AUT SAM + BSA, ±12 kOe P > 0.05 P > 0.05 P > 0.05 - 

AUT SAM + BSA, ±7 kOe P > 0.05 P > 0.05 P > 0.05 - 

AUT SAM + dBSA, ±12 kOe P > 0.05 P > 0.05 P > 0.05 - 

AUT SAM + dBSA, ±7 kOe P > 0.05 P > 0.05 P > 0.05 - 

AUT SAM + dBSA 
(charge neutralized), ±12 kOe 

P > 0.05   P > 0.05  P > 0.05 P > 0.05 

L-Peptide SAM 
(charge neutralized), ±12 kOe 

P > 0.05   P > 0.05 P < 0.01  P > 0.05 

L-Peptide SAM 
(15° photoemission), ±12 kOe 

P > 0.05 P > 0.05 P > 0.05 - 

L-Peptide SAM 
(30° photoemission), ±12 kOe 

P > 0.05  P > 0.05  P > 0.05 - 

L-Peptide SAM 
(45° photoemission), ±12 kOe 

P > 0.05 P > 0.05 - - 

L-Peptide SAM 
(post-magnetized), ±12 kOe 

P > 0.05  P > 0.05  P > 0.05 P < 0.05 
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Table SII.5: Results of two-way analyses of variance of photoionization energy (/) with main effects of 
magnetization orientation and applied magnetization field (±12 kOe or ±7 kOe). SAM: self-assembled 
monolayer; AUT: 11-amino-1-undecanethiol; BSA: bovine serum albumin; dBSA; thermally denatured bovine 
serum albumin. 

 Interaction Term Magnetization 
Orientation 

Magnetization 
Field 

L-Peptide SAM 
(Figure II.3e) 

F(1,31) = 5.04 
P < 0.05 

F(1,31) = 5.31 
P < 0.05 

F(1,31) = 0.03 
P > 0.05 

D-Peptide SAM 
(Figure SII.8d) 

F(1,32) = 0.38 
P > 0.05 

F(1,32) = 0.00 
P > 0.05 

F(1,32) = 0.04 
P > 0.05 

AUT SAM + BSA 
(Figure II.4c) 

F(1,32) = 1.23 
P > 0.05 

F(1,32) = 3.00 
P > 0.05 

F(1,32) = 0.24 
P > 0.05 

AUT SAM + dBSA 
(Figure II.4d) 

F(1,34) = 4.13 
P < 0.05 

F(1,34) = 5.35 
P < 0.05 

F(1,34) = 1.65 
P > 0.05 

 Interaction Term Magnetization 
Orientation 

Photoemission 
Angle 

L-Peptide SAM, angle 
(Figure II.3f) 

F(2,52) = 0.03 
P > 0.05 

F(1,52) = 22.10 
P < 0.0001 

F(2,52) = 3.56 
P > 0.05 
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III.A. INTRODUCTION 
 

Understanding and controlling enantioselective interactions between chiral molecules and 

spin-polarized electrons offers exciting opportunities to improve organic spintronic devices,1–3 

photovoltaics,4,5 enantioseparations,6,7 and photochemistries.8,9 These interactions also suggest 

biological significance due to spin-dependent charge polarization, separation, and recombination 

experimentally demonstrated at room-temperature within peptides,10,11 proteins,12,13 and 

oligonucleotides,14,15 and bear possible contributions to the origins of homochirality in Nature.16,17 

Observations of spin-selective electron–chiral molecule interactions, collectively described by the 

chiral-induced spin selectivity (CISS) effect,18–20 have been modeled using varying theoretical 

approaches.21–24 While it is understood that molecular chirality, time-reversal symmetry breaking, and 

spin-orbit interactions are required, substantial spin polarization is counterintuitive due to the weak 

spin-orbit coupling strength of light atoms in organic species (~8 meV for carbon atoms), and thus 

the weak magnetic field experienced in the rest frame of a moving electron.25 Possible explanations 

for which a system can overcome this intrinsic limitation include curvature effects such as in carbon 

nanotubes, fullerenes, and curved graphene,26 as well as degeneracy-induced amplification of spin-

orbit perturbations.27 

Still, unified mechanisms remain elusive. Moreover, unambiguous determination of spin-

dependent scattering asymmetries with diamagnetic molecules can be experimentally difficult under 

ambient conditions. Early investigations into spin-dependent interactions between electrons and chiral 

species stemmed from efforts in enantioselective synthesis or decomposition of optical isomers using 

circularly polarized light.28 Mirroring possible sources of circularly polarized light in Nature, 

experiments that utilized radioactive isotopes that undergo b-decay as light sources to generate 

bremsstrahlung from the deceleration of b-particles led to emergent hypotheses that polarized electrons 

themselves interacted selectively with left- or right-handed molecules.29,30 However, challenged by the 
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small degree of spin polarization observed in electron scattering from optically active molecules, 

subsequent experiments designed to test these spin-dependent interactions led to mixed results.31–36  

To amplify possible electron dichroic effects,37 Mayer and Kessler tested for asymmetry in 

scattering by D- and L-camphor derivatives containing high atomic number (Z) atoms with anticipated 

increased spin-orbit interactions between electrons and gas-phase chiral molecules.38-40 In these 

experiments, while neither transmission asymmetry nor chirality-induced spin polarization of 

polarized electron beams through vapors of unmodified camphor were observed, electron dichroism 

was measured for vapors of camphor-lanthanoid complexes. Asymmetry was observed to increase 

roughly with the atomic number of the metal atom, as Pr (Z = 59) < Eu (Z = 63) ~ Er (Z = 68) < 

Yb (Z = 70). In more recent studies of spin-selective electron transmission through chiral vapors of 

bromo- and iodo-camphor, Gay and coworkers have also reported Z-dependent scattering 

asymmetries. However, it has proven difficult to deconvolute intertwined causal parameters, including 

spin-orbit effects, atomic proximity to a chiral center, and electron helicity density within the molecule 

itself.41–43 

Göhler and coworkers measured room-temperature spin filtering in photoemission from Au 

substrates functionalized with self-assembled monolayers (SAMs) of double-stranded DNA with spin 

polarization of ~60% for photoelectrons transmitted through helices constituting eight helical turns 

(78 base pairs).44 This strong spin polarization was attributed to the higher density and more uniform 

orientation of helical molecules in films compared to dilute molecular vapors.45,46 Importantly, 

asymmetric scattering probabilities have been shown to depend on electron kinetic energies; the de 

Broglie wavelength of photoelectrons must be commensurate with the length of the molecular 

helices,47 suggesting lower likelihood of spin selectivity in photoemission for low kinetic energy 

electrons transmitted through short DNA strands (i.e., one to two helical turns). However, 
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incorporation of high-Z species into the helical framework should enhance the scattering rate via 

relativistic effects, thus amplifying asymmetry induced by the chiral environment.  

Herein, we apply ultraviolet photoelectron spectroscopy (UPS) to probe spin selectivity in 

photoemission from SAMs of right- and left-handed DNA hairpins composed of only ca. one helical 

turn with vs. without divalent Hg (Z = 80) ions bound along the molecular axis (Figure III.1). We 

recently demonstrated the use of this technique to measure magnetization-dependent photoemission 

from chiral molecular films composed of a-helical peptides and globular proteins assembled on 

ferromagnetic multilayer (FM) substrates in the kinetic energy range of ca. 0-18 eV.48 In these studies, 

spectra were collected using a He I source with photon energy high enough (21.22 eV) to ionize the 

DNA films assembled on FM substrates. Because the radiation was not circularly polarized, direct 

photoionization of the molecules should not depend on molecular handedness.49 However, 

photoelectrons emitted from the underlying ferromagnetic substrate with sufficient kinetic energy can 

ionize the overlying molecules by electron impact. The polarization of photoelectrons emitted from 

the underlying ferromagnetic film nominally reflects the film’s magnetization orientation (parallel vs. 

antiparallel to surface normal).50 In this context, differential charging of the organic films between 

substrate magnetization orientations, physically manifested as differences in photoionization energies, 

is indicative of spin-dependent electron ionization cross sections.  
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Figure III.1. Experimental schematic illustrating photoemission from ferromagnetic surfaces functionalized 
with left- (green) or right-handed (red) DNA hairpins containing divalent mercury ions. Photoelectrons emitted 
from magnetized substrates undergo spin-selective scattering cross-sections with the DNA molecules due to 
the chiral-induced spin selectivity effect. Ionizing collisions due to spin-up vs. spin-down photoelectrons of 
sufficient energy with DNA lead to differential charging, manifested as substrate magnetization (M)-dependent 
photoionization energies. 
 

III.B. RESULTS 

III.B.1. Characterization of Metal-Mediated Base Pairing and Substrate Functionalization 

Stoichiometric equivalents of Hg2+ were coordinated precisely at thymine–thymine (T-T) 

mismatches in DNA, stabilizing hybridized strands via metal-mediated base pairing  

(Figure III.2a-c).51–57 The manner of metal incorporation and coordination depend on the character of 

the metal. In the presence of T-T mismatches, Hg2+ exhibits linear coordination, forming bonds 2-3 

times stronger than those of typical hydrogen-bonded base pairs.58 The coordination of Hg2+ within 

DNA containing T-T mismatches is highly specific, enabling control over the density and position of 

Hg2+ within each self-hybridized DNA hairpin by varying the number and position of T-T mismatches 

in a given sequence.  
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To track DNA structural changes upon mercuration, we characterized Hg2+ binding in 

sequences with zero, one, two, three, and seven T-T mismatches, hereafter referred to as 0MM, 1MM, 

2MM, 3MM, and 7MM, respectively (Figures III.2 and SIII.2). The 0MM sequence, composed of 

(5’à3’) TTT GTA AGA AGG CCC CCC TTC TTA CAA A, where G is guanine, A is adenine, and 

C is cytosine, enables self-hybridization due to complementarity between 12 base pairs, promoting 

hairpin formation with a single-stranded loop. Increasing the number of base-pair mismatches by 

replacing A with T subsequently destabilizes hairpin formation. However, this stability is recovered 

upon incubation with Hg(NO3)2 as indicated by melting curve analyses in the presence and absence 

of stoichiometric equivalents of Hg2+ (Figures III.2d-f, SIII.2c,d).  

Increasing absorbance at 260 nm with increasing temperature is characteristic of a denaturing 

transition. For 0MM DNA in 1´ phosphate-buffered saline (PBS), no changes in melting temperature 

(TM) of the hairpins were observed upon addition of one molar equivalent of Hg2+ (Figure III.2d), 

suggesting that any possible electrostatic binding of Hg2+ with the negatively charged backbone of 

DNA does not affect the stability of the molecule. For 1MM DNA, a TM increase of ~7 °C upon 

addition of one equivalent of Hg2+ was measured, indicating increased stability of the hairpin due to 

the formation of coordinate covalent metal-base bonds at T-T sites (Figure III.2e).52,54,56 Melting curves 

collected for 2MM and 3MM DNA showed larger increases in TM when compared to their 

unmercurated counterparts (Figure SIII.2c,d). For 7MM DNA, no clear temperature-dependent 

melting transition was observed between 25 °C and 85 °C, either in the presence or absence of  Hg2+ 

(Figure III.2f), suggesting an ill-defined solution-phase melting point below room temperature, likely 

caused by the high proportion of T-T mismatches as a percentage of total nucleotide content. 

Complementary structural characterization of all sequences in the presence and absence of 

stoichiometric Hg(NO3)2 in 1´ PBS was carried out using circular dichroism (CD) spectroscopy to 

probe the relationship between increasing incorporation of Hg2+ and the helical tertiary structure of 
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the DNA, depending on the number of T-T mismatches present in the sequence. Distinct bisignate 

peaks, characteristic of B-form variants of DNA duplexes, were observed between 240 and 280 nm 

for 0MM, suggesting the formation of right-handed DNA hairpins. The CD spectra for 0MM did not 

change upon addition of 1 molar equivalent of Hg(NO3)2, providing further evidence that possible 

non-specific electrostatic interactions between Hg2+ and the DNA backbone do not disrupt tertiary 

structure (Figure III.2g). The 1MM sequence exhibited a slight decrease in peak intensity at 280 nm 

upon Hg2+ addition (Figure III.2h),59 while the 2MM and 3MM sequences exhibited further tertiary 

structural changes (Figure SIII.2g,f), as evidenced by the increasing attenuation of signal intensity at 

280 nm. In the most pronounced case, the long-wavelength peak near 280 nm exhibited almost 

complete inversion for 7MM, signaling a complementary inversion of tertiary structure, from a right-

handed to left-handed helical conformation (Figure III.2i). This behavior has been observed 

previously in mercurated hairpins with many T-T mismatches.52,60–62  

Self-assembled monolayers of 0MM, 1MM, and 7MM were prepared on FM substrates with 

perpendicular magnetic anisotropy, composed of glass substrate/Ta (3 nm)/Pt (2 nm)/[Co 

(0.6 nm)/Pt (0.3 nm)]69/Co (0.6 nm)/Au (2 nm), both in the presence and absence of stoichiometric 

Hg(NO3)2. The Au capping layer enabled formation of Au–S bonds between the substrate and the 

molecules for self-assembly of the thiol-modified oligonucleotides. Further, oligonucleotide SAMs 

were backfilled with 6-mercapto-1-hexanoic acid to promote orientations of the hairpins nominally 

normal to the substrate surfaces.63–65 Substrates were magnetized to saturation either “up” 

(magnetization orientation parallel to surface normal) or “down” (antiparallel) prior to SAM 

formation. The presence of mercury on sample surfaces following DNA SAM formation was 

confirmed via X-ray photoelectron spectroscopy (XPS) only for monolayers composed of 1MM and 

7MM (Figure SIII.3).  
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Figure III.2. a-c) Schematics of DNA with 0 thymine-thymine mismatches (0MM), 1MM, and 7MM, 
respectively, illustrating number of thymine-thymine mismatches (left), and of the same sequences in the 
presence of Hg2+ ions (represented as solid grey circles). d-f) Melting curves for 0MM, 1MM, and 7MM. Peak 
absorbance at 260 nm is normalized to the maximum value for each curve. g-i) Circular dichroism spectra for 
0MM, 1MM, and 7MM. Melting curves and circular dichroism were collected for each sequence in the presence 
(green) or absence (black) of stochiometric Hg2+. The concentration of all DNA solutions was 5 µM. Shaded 
areas represent standard error of the mean (N = 3). 
 

III.B.2. Spin-Selective Ionization of Mercurated DNA Monolayers on Ferromagnetic 

Substrates 

Analyses of UPS spectra were conducted for substrates magnetized up vs. down for each 

experimental condition. Film photoionization energies, !, were calculated as: 

!	 = 	ℎ% − (()*+, − ()*-.) = 	ℎ% − 	0                                      (III.1) 
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where ℎ% is the photon energy, ()*+, is the maximum binding energy at the secondary electron cutoff, 

()*-. is the energy at the valence band edge, and 0 is the spectral width. Magnified spectral regions 

of ()*+,and ()*-.are shown for representative samples in Figure III.3a-d.  

No dependence of ! on substrate magnetization orientation was measured for SAMs of 0MM 

(Figure III.3e). This result was expected, considering that these DNA hairpins were composed of only 

12 hybridized bases (Figure III.2a), and therefore likely support too few helical turns to allow for 

detectable spin-selective effects.44,47 The measured values of ! for SAMs of 1MM with and without 

Hg2+ are presented in Figure III.3f. Differences in average ionization energy between 0MM and 1MM 

samples were attributed to nucleobase substitution; adenine exhibits a lower ionization energy than 

thymine.66.67 The association of nucleobases into hydrogen-bonded or metal-mediated base pairs is 

accompanied by a further reduction in ionization energy.55,68 Two-way analysis of variance (ANOVA) 

revealed significant dependence of the preferred substrate magnetization orientation on DNA/Hg2+ 

film composition (Table SIII.1; P < 0.05). Subsequent post hoc tests revealed significant differences in	! 

only for 1MM SAMs prepared in the presence of Hg2+. Higher !, and therefore greater buildup of 

positive charge in the organic film, was measured for 1MM SAMs when substrates were magnetized 

up, compared to down. The 0MM and 1MM SAMs consist of nearly identical DNA sequences, with 

comparable tertiary structures, only differing in the presence or absence of a single mercurated base 

pair. Thus, these data indicate that the spin-dependent asymmetry in the photoelectron–chiral 

molecule interaction cross section is enhanced due to higher scattering rates via the heavy atom effect.  

In contrast, lower ! was measured for substrates magnetized up vs. down functionalized with 

SAMs composed of 7MM DNA with Hg2+ (Figure III.3g). The inverted magnetization orientation 

dependence of ! for SAMs of mercurated 7MM DNA compared with SAMs of mercurated 1MM 

DNA correlates with the opposite handedness of their tertiary structures (left-handed for 7MM and 



  

 
 

129 

right-handed for 1MM) as indicated by CD spectroscopy (Figure III.2h,j). The chiral electrostatic field 

experienced by an electron interacting with a molecular helix is dependent on the handedness of 

arrangement of atoms in the molecule. Reversal in molecular handedness is expected to be 

accompanied by a concomitant reversal in spin dependence for electron scattering interactions 

accompanying transmission through chiral films in photoemission. These experimental results agree 

qualitatively with the helicity-dependent DNA-mediated charge transport demonstrated by Zwang et 

al. in electrochemical studies, and with measurements of opposite spin polarization of photoelectrons 

emitted from noble metal substrates functionalized with (M)- and (P)-heptahelicene.15,46  

Interestingly, despite the higher surface density of heavy ion scattering centers for SAMs 

composed of mercurated 7MM vs. 1MM, the absolute magnitude differences in ! between 

magnetization up and down conditions (-37 meV and 51 meV, respectively) were comparable in both 

sets of measurements. Previous measurements by Nolting et al. of scattering asymmetry by spin-

polarized electron beams through vapors of singly vs. doubly brominated camphor derivatives 

analogously showed no obvious enhancement in asymmetry by increasing the number of heavy atoms 

in each molecule. In fact, the absolute maximum scattering asymmetries were slightly larger for 

bromocamphor than for dibromocamphor.40 Similarly, in our experiments, spin selectivity in electron–

chiral molecule interactions for DNA hairpins containing multiple heavy atoms may experience 

compensating, rather than amplifying, effects.  
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Figure III.3. a-d) Representative secondary electron cutoff (left) and Fermi edge (right) for DNA with 0 
thymine-thymine mismatches (0MM), 1MM, 1MM + Hg2+, and 7MM + Hg2+, respectively. Photoionization 
energies collected under field up (red) and down (blue) substrate saturation magnetization conditions for self-
assembled monolayers of e) 0MM, f) 1MM & 1MM + Hg2+, and g) 7MM + Hg2+. Error bars represent standard 
error of the mean. Number of samples (N) = 19 [0MM Up], 19 [0MM Down], 20 [1MM Up], 20 [1MM Down], 
20 [1MM + Hg2+ Up], 20 [1MM + Hg2+ Down], 19 [7MM + Hg2+ Up], and 20 [7MM + Hg2+ Down]. *P < 
0.05 vs. M down; **P < 0.01 vs. M down; ns = not significant.  
 

III.C. DISCUSSION 

The magnetic dipole moment of an electron lies antiparallel to its spin angular momentum; 

within a ferromagnetic material, the spin angular momentum of an electron within the majority 

subband is oriented antiparallel to the net magnetization direction of the material. We note that for 
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SAMs formed of mercurated right-handed 1MM DNA, the measured ionization energies were lower 

when the substrates were magnetized down, corresponding to a lower ionization cross section for 

photoelectrons with right-handed helicity (spin parallel to velocity). When compared to previous 

reports of preferential transmission of photoelectrons with left-handed helicity through right-handed 

chiral molecules without metal ion inclusions,45 these results indicate that additional mechanisms may 

be involved in metallized systems.  

The sign and magnitude of the electric dipole across a molecule adsorbed on a substrate affect 

the work function of that material; a dipole pointing toward the surface induces a work function 

increase, while a dipole pointing away from the surface lowers the work function of the sample.69,70 In 

molecules lacking strong internal dipoles (along the axis parallel to the surface normal), the net dipole 

moment is dominated by that of the Au-thiol bond, which is known to decrease the work function of 

a metallic surface.71–73 We note that FM substrates functionalized with 1MM had higher work functions 

than those functionalized with 1MM + Hg2+, independent of magnetization conditions (Figure SIII.4). 

However, both of these samples exhibited lower work functions than analogous bare substrates 

measured previously.48 This work function decrease indicates that the addition of Hg2+ reinforces the 

intrinsic dipole of the molecule, rather than compensating for or reversing it. Additionally, it is possible 

that the magnetic characteristics of the heavy ions are capable of influencing the spin-dependent 

interaction cross section asymmetry. In the present study, we have investigated Hg2+, a diamagnetic 

ion. Further studies comparing paramagnetic to diamagnetic inclusions, as well as stringently 

controlling the location of incorporated metal ions along the helical axis, should elucidate any effects 

introduced by intrinsic ion magnetization or molecular dipole augmentation. 
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III.D. CONCLUSIONS AND PROSPECTS 

 In conclusion, we report spin-selective interaction asymmetries between photoelectrons and 

DNA molecules assembled on perpendicularly magnetized ferromagnetic multilayer substrates, 

manifest as differential charging by molecular ionization from inelastic scattering of spin-polarized 

photoelectrons. Substrate magnetization-dependent photoionization energies in DNA assemblies 

were only observed when Hg2+ ions were bound at T-T mismatches within the DNA hairpins. We 

attribute the results to increased spin-orbit interactions in electron scattering by DNA due to the 

presence of the heavy metal species. The substrate magnetization-dependent effects were reversed 

between right-handed and left-handed helical hairpins, as expected for spin-dependent and 

enantioselective interactions between electrons and chiral molecules. Incorporation of high-Z metals 

into chiral molecular scaffolds may prove a practical means to elucidate molecular and environmental 

parameters systematically, in a predictive way, by amplifying spin-selective interaction asymmetries. If 

heavy-metallization of chiral molecular species also enables tuning and enhancing the chiral-induced 

spin selectivity effect in the conduction regime, length limitations of helical molecules for strong spin 

polarization in transport may be averted, benefiting miniaturization in the development organic-based 

spintronic devices and detectors.19  

 

SIII. SUPPLEMENTARY MATERIALS 

SIII.A. MATERIALS AND METHODS 

SIII.A.1. Materials 

Magnesium chloride, mercury (II) nitrate, absolute ethanol, 6-mercapto-1-hexanoic acid 

(MHA), and 0.01 M phosphate-buffered saline, (PBS, [NaCl] = 138 mM, [KCl] = 2.7 mM, pH 7.4), 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Deionized water (~ 18 MΩ) was obtained 

from a Millipore water purifier (Billerica, MA, USA).  
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All DNA sequences were purchased from Integrated DNA Technologies (IDT, HPLC-purified with 

a certificate of analysis via mass spectroscopy, Coralville, IA, USA). Sequences were modified with a 

propanethiol linker on the 3’ terminus. 

DNA sequences (5’ → 3’): 

 0MM:  TTT GTA AGA AGG CCC CCC TTC TTA CAA A 

 1MM: TTT GTT AGA AGG CCC CCC TTC TTA CAA A 

 2MM:   TTT GTT TGA AGG CCC CCC TTC TTA CAA A 

 3MM:   TTT GTT TGA AGG CCC CCC TTC TTT CAA A 

 7MM: TTT GTT TGT TGG CCC CCC TTC TTT CTT A 

 

SIII.A.2. Fabrication, Characterization, and Surface Preparation of Ferromagnetic Multilayer 

Thin Films 

The ferromagnetic multilayer (FM) thin films with perpendicular magnetization were grown 

on glass substrates by a DC magnetron sputtering system with a base pressure of <3×10-8 Torr. These 

thin films are composed of glass substrate/Ta (3 nm)/Pt (2 nm)/[Co (0.6 nm)/Pt (0.3 nm)]69/           

Co (0.6 nm)/Au (2 nm).74 The deposition was performed at room temperature and in an Ar gas 

atmosphere. The Ar pressure during the sputter deposition was 10 mTorr for the Co and Pt layers 

and 2.7 mTorr for the Ta and Au layers.  

The FM thin films were characterized using the Vibrating Sample Magnetometer (VSM) 

option of a VersaLab system (Quantum Design, Inc., San Diego, CA, USA). Samples were mounted 

within translucent plastic straws. The applied magnetic field was perpendicular to the samples plane. 

Hysteresis loops were slope-corrected for diamagnetic responses from the substrates by subtracting 

the constant slope at high field from each dataset. The ferromagnetic films exhibit perpendicular 

magnetic anisotropy with large room-temperature coercive fields of 3350 Oe (Figure SIII.1). 
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Prior to functionalization, FM substrates were magnetized within a SQUID magnetometer 

(Quantum Design, Inc., San Diego, CA) by applying a magnetic field perpendicular to the plane of 

the surface. Samples were magnetized to saturation under an applied field of +12 kOe or -12 kOe for 

samples considered to be magnetized up or down, respectively. Immediately preceding 

functionalization, magnetized substrates were sonicated sequentially for 10 min in acetone and ethanol 

before being dried with N2. 

 

SIII.A.3. Ferromagnetic Multilayer Thin Film Surface Functionalization 

Fresh 5 µM DNA solutions were prepared in degassed 1× PBS containing 100 mM MgCl2 

during each instance of sample fabrication. For mercurated sequences, aqueous Hg(NO3)2 was added 

to reach a final concentration of 5 µM (1MM) or 35 µM (7MM), depending on the DNA sequence. 

These solutions were allowed to stand for 30 minutes at room temperature to allow for mercury 

incorporation into the thymine-thymine mismatches within the hairpin sequences (Figure SIII.2a,b). 

Self-assembled monolayers (SAMs) of DNA were prepared by incubating clean FM substrates 

with DNA solutions for 48 h in a hydrated environment by pipetting solution onto individual FM 

substrates and sealing in petri dishes. Following monolayer formation, substrates were thoroughly 

rinsed with DI water before subsequent incubation in 1 mM ethanolic solutions of MHA for                 

20 min. Substrates were then rinsed with ethanol and DI water and blown dry with N2. 

 

SIII.A.4. Melting Curve Analysis 

Solutions of 2 µM non-thiolated DNA were prepared in 1x PBS using the sequences listed 

above. For mercurated sequences, aqueous Hg(NO3)2 was added to reach a final concentration of        

2 µM (0MM, 1MM), 4 µM (2MM), 6 µM (3MM), or 14 µM (7MM), depending on the sequence. 

Solutions were allowed to stand for 30 min at room temperature prior to measurements. 
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Absorption spectra were recorded with a Hewlett-Packard HP8453 diode-array UV/Vis 

spectrophotometer (Palo Alto, CA, USA). The temperature increment was 0.5 °C and the hold time 

was 6 s. Absorbance maxima were observed at 260 nm, 260 nm, 262 nm, 263 nm, and 267 nm for 

0MM, 1MM, 2MM, 3MM, and 7MM solutions, respectively. Background correction was accomplished 

by subtracting the spectra for 1× PBS from all solutions. All spectra were baseline corrected to the 

average absorbance between 340 and 360 nm. 

 

SIII.A.5. Circular Dichroism Spectroscopy 

Solutions of 5 µM DNA were prepared in 1x PBS using the sequences listed above. For 

mercurated sequences, aqueous Hg(NO3)2 was added to reach a final concentration of 5 µM (0MM, 

1MM) 10µM (2MM), 15 µM (3MM), or 35 µM (7MM), depending on the sequence. Solutions were 

allowed to stand for 30 minutes at room temperature prior to measurement. 

Measurements were taken with a JASCO J-715 circular dichroism spectrometer (Easton, MD, 

USA) at room temperature. Averages of 4 scans per sample are shown after subtraction of baseline 

spectra in 1x PBS. The resolution was 0.5 nm, the bandwidth was 1.0 nm, the response time was 4 s, 

and the collection speed was 20 nm/min. Characterization of DNA mismatches with intermediate 

numbers of T-T mismatches (2MM and 3MM) are shown in Figure SIII.2. 

 

SIII.A.6. Surface Characterization by X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy of all samples was done using an AXIS Ultra DLD 

photoelectron spectrometer (Kratos Analytical Inc., Chestnut Ridge, NY, USA) and a monochromatic 

Al Kα X-ray source with a 200 µm circular spot size under ultrahigh vacuum (10-9 Torr). All samples 

were grounded by copper clips in contact with the top surfaces of each substrate, and tightly secured 

onto the sample holder with copper screws. The heights of all samples were optimized prior to spectral 
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acquisition to maximize the signal to noise. High resolution Hg 4f spectra were acquired at a pass 

energy of 20 eV using a 300 ms dwell time (Figure SIII.3). For all scans, 15 kV was applied with an 

emission of 15 mA. An average of 15 scans were collected for each high resolution spectrum. 

 

SIII.A.7. Surface Characterization by Ultraviolet Photoelectron Spectroscopy 

An AXIS Ultra DLD photoelectron spectrometer (Kratos Analytical Inc., Chestnut Ridge, 

NY, USA) and a He I excitation source (21.22 eV) was utilized under a -9 V bias between the samples 

and detector during sample characterization. Due to the insulating nature of the organic films studied, 

all samples were grounded by copper clips in contact with the top surfaces of each substrate and 

secured in place with copper screws. Spectra were acquired at a pass energy of 5 eV with a 100 ms 

dwell time and a slot aperture. Sample heights were optimized using the Au 4f signal in order to 

maximize signal to noise prior to measurement. For each sample, three spectra were collected, each at 

different locations. Measurements were collected alternatively from samples magnetized up or down. 

The angle of incidence for UV irradiation was 35° relative to the plane of the surface. Photoelectrons 

were collected normal to the sample surface. 

 The energies of the binding edge maxima and minima were measured at the x-intercepts of 

the maximum slopes at the spectral fringes using linear fits to the data prepared with a custom Python 

script. For each sample, the ionization energy or work function values were extracted from each of 

three measurements taken at different locations and were averaged together into a single value. The 

average ionization energies or work functions for each sample were then averaged across the total 

number (N) of samples of the same type, and the mean and standard error recorded. Representative 

profile fits are shown in Figure SIII.4. 
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SIII.A.8. Statistics 

Data analyses were performed with GraphPad Prism (GraphPad Software Inc., San Diego, 

CA, USA). Probabilities P<0.05 were considered statistically significant, and throughout the main text 

and Supplementary Information, data are reported as mean values ± standard errors of the mean. 

Two-tailed, unpaired t-tests were used to compare photoionization energies between magnetization 

up and down conditions 0MM and 7MM + Hg2+ samples. Two-way analysis of variance was used to 

identify differences in work function and ionization energy between 1MM samples prepared in the 

presence or absence of Hg2+, under both up and down magnetization conditions. Two-way analysis 

of variance was followed by Bonferroni post hoc tests (Tables SIII.1, SIII.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 
 

138 

SIII.B. SUPPLEMENTAL FIGURES AND TABLES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure SIII.1: Room temperature SQUID magnetic hysteresis loop of the ferromagnetic substrates used in 
these studies. The applied magnetic field is perpendicular to the film plane. This hysteresis loop represents a 
ferromagnetic film with robust perpendicular magnetic anisotropy. The high (~3 kOe) coercivities were 
necessary to maintain substrate magnetization fidelity within the magnetic focusing lens of the photoelectron 
spectrometer. 
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Figure SIII.2: Characterization of DNA sequences with intermediate numbers of thymine-thymine 
mismatches. a,b) Schematics of 2MM and 3MM DNA, respectively, illustrating number of thymine-thymine 
mismatches (left), and of the same sequences in the presence of Hg2+ ions (right). c,d) Melting curves for 2MM 
and 3MM DNA. e,f) Circular dichroism spectra for 2MM and 3MM. Melting curves and circular dichroism 
were collected for each sequence in the presence (magenta) or absence (black) of stochiometric Hg2+. The 
concentration of DNA solutions was 2 µM for melting curves and 5 µM for circular dichroism. 
 

 

 

 

 

 

 

 

 

a) c) e) 

b) d) f) 
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Figure SIII.3: X-ray photoelectron spectroscopy of self-assembled monolayers of a) 0MM, b) 1MM, and c) 
7MM DNA on ferromagnetic substrates prepared in the presence of stochiometric concentrations of Hg2+ 
ions. Two-tailed, unpaired t-tests indicate that the atomic percentage of Hg in samples of 7MM DNA is 
significantly greater than that found in 1MM DNA (P = 0.0043). 
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Figure SIII.4: Representative linear fit to the absolute maximum slope used for determination of binding 
edge maxima (blue) and minima (red). 
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Table SIII.1: Two-way ANOVA results for ionization energy in 1MM DNA with main effects of mercury 
incorporation and magnetization orientation. Bonferroni post-hoc tests analyzing the role of mercury 
incorporation in the manifestation of magnetization-dependent ionization energy.  

Ionization Energy (1MM)    
 Interaction Mercuration Magnetization  
 F (1, 76) = 4.597 F (1, 76) = 156.1 F (1, 76) = 4.958 
 P = 0.0352 P < 0.0001 P = 0.0289 
    
 No Hg Hg  
Bonferroni (Up-Down) P > 0.9999 P = 0.0056  

 
 
 
 
 
 
Table SIII.2: Two-way ANOVA results for work function in 1MM DNA with main effects of mercury 
incorporation and magnetization orientation. Bonferroni post-hoc tests analyzing the role of mercury 
incorporation in the manifestation of magnetization dependent work function.  

Work Function (1MM)    
 Interaction Mercuration Magnetization  
 F (1, 76) = 0.01726 F (1, 76) = 7.055 F (1, 76) = 0.04839 
 P = 0.8958 P = 0.0096 P = 0.8265 
    
 No Hg Hg  
Bonferroni (Up-Down) P > 0.9999 P > 0.9999  
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Table SIII.3: Summary of sample number, and ionization energy, work function, and photoelectron spectra 
integrated area and peak intensity for all samples studied. Uncertainty is represented as standard error of the 
mean (sterr). 

 0MM Up 0MM Down 1MM Up 1MM  Down 1MM + Hg Up 1MM + Hg Down 7MM + Hg Up 
7MM + Hg 
Down 

         

N (#) 19 19 20 20 20 20 19 20 

         

Ionization Energy (eV)         

mean 7.70 7.70 7.84 7.83 7.72 7.67 7.87 7.91 

sterr 8.33E-03 1.05E-02 1.23E-02 1.09E-02 1.15E-02 1.11E-02 1.13E-02 1.32E-02 

         

Work Function (eV)         

mean 4.51 4.53 4.48 4.48 4.44 4.45 4.47 4.49 

sterr 1.22E-02 5.37E-03 1.13E-02 1.04E-02 1.71E-02 1.18E-02 7.74E-03 8.81E-03 

         

Integrated Area         

mean 9.11E+06 7.99E+06 7.72E+06 8.36E+06 7.94E+06 6.60E+06 7.50E+06 8.01E+06 

sterr 8.13E+05 2.46E+06 1.36E+06 1.88E+06 9.28E+05 2.19E+06 8.52E+05 1.24E+06 

         

Peak Intensity         

mean 8.12E+04 7.19E+04 7.11E+04 7.62E+04 7.03E+04 5.91E+04 7.35E+04 7.69E+04 

sterr 8.22E+03 2.22E+04 9.82E+03 1.35E+04 7.81E+03 2.01E+04 7.82E+03 1.16E+04 
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IV.A. INTRODUCTION 

Spin-selective interactions between electrons and chiral molecules – collectively described by 

the chiral-induced spin selectivity (CISS) effect – are firmly established by experiment, significant in 

magnitude at room temperature, and tunable through selection of an appropriate chiral molecular 

framework. The remarkable magnitude of these room-temperature spintronic effects, reaching beyond 

90% (measured as percent difference in magnetization-dependent conductivity using magnetic 

conductive atomic force microscopy) in recent measurments,1 highlights the potential of chiral 

molecules and systems as attractive candidates for incorporation into spintronic devices, as well as for 

the development of novel means of characterization of magnetic materials. The CISS effect is relevant 

in the biological sciences as well. Chirality is ubiquitous in Nature, and chiral biomolecules exhibit 

near absolute homochirality. The role that the CISS effect may play in the design of spintronic devices, 

its applications to clean fuel production and spectroscopy equipment design, and its potential to shed 

light on the mystery of biomolecular chirality, will be discussed in greater detail in this chapter. 

 

IV.B. ENGINEERING APPLICATIONS 

IV.B.1. Spintronic Devices 

As demand for greater computational density and ever more technologically sophisticated 

devices continues to grow, traditional scaling as a result of materials research, as predicted by Moore’s 

Law, will no longer be sufficient. The intense academic interest in materials with spintronic properties 

over the past few decades emphasizes this dramatic recognition. Advances in quantum computing and 

spin-based information technology require increasingly detailed understanding of spin dynamics in 

nanoscale materials and their interfaces, and, while incorporation of the spin degree of freedom in 

device design promises improvements in nonvolatility and processing speed while reducing power 

consumption, significant challenges remain in the practical design of spintronic devices.2  
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 Ben Dor et al. have demonstrated a simple magnetic memory device based on spin-torque 

transfer in charge injection through chiral a-helical polyalanine SAMs and into nickel thin films.3 This 

device, compatible with standard silicon fabrication schemes, yielded short-lived read-write magnetic 

memory behavior, although it was limited to low-temperature (~2 K) operation due to misalignment 

between the spin-polarization axis of the a-helical SAM and the magnetic easy axis of the nickel thin 

film. Similarly, by creating patterned arrays of QDs, tethered to cobalt surfaces with chiral bridging 

molecules, Ben Dor et al. were able to leverage spin-torque transfer to magnetize the cobalt film under 

locally QD photoexcitation, without the need for permanent charge transfer.4 Mondal et al. and Varade 

et al. have demonstrated simple spin valves based on chiral polymer and protein films, in which the 

resistance state (high or low) of the device is determined by the magnetization of a soft magnetic layer 

relative to the polarization axis of the chiral film.5,6 Bloom et al. have reported similar behavior in 

devices in which the chiral organic layer was substituted for a film of chiral quantum dots.7 Suda et al. 

have designed responsive chiral molecule-based spin valves, in which the chiral molecular layer is 

composed of photo-switching molecules that reverse their handedness upon exposure to light or heat 

(Figure IV.1a).8 In this way, the magnetoresistance of the chiral molecule-ferromagnetic junction may 

be readily tuned without the need for external magnetic field control (Figure IV.1b-d). 
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Figure IV.1: a) Molecular structures of overcrowded alkenes (OCAs), with labels indicating handedness and 
cis/trans isomerism. M- and P-enantiomers may be readily interconverted through exposure to 435 nm light or 
to heat. The preferred helicity for electron transmission is indicated for each molecule. b) Schematic of simple 
cross-bar spin valve employed to measure magnetoresistance in chiral molecule-ferromagnet junctions. An 
enhanced view of the device, composed of a nickel bottom layer, aluminum oxide tunneling layer, chiral 
molecular layer, and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) top layer is shown 
to the right. c) Magnetoresistance measurements conducted with M-cis OCA presented as a function of time 
exposed to 435 nm irradiation. A clear inversion of the sign of the magnetoresistance of the molecular junction 
is seen upon conversion from M-cis to P-trans OCA. d) M-trans OCA is generated upon heating of P-trans OCA, 
accompanied by a recovery of the initial magnetoresistance characteristics of M-cis OCA, demonstrating that 
the handedness of the molecular junction determines the sign of the measured magnetoresistance. Adapted 
with permission from reference 8. Copyright 2019 Masayuki Suda et al. 
 

a) 

b) 

c) d) 
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A major bottleneck in the design of spintronic devices is the miniaturization of magnetic 

materials. At small size scales, ferromagnetic layers become susceptible to local temperature 

fluctuations and stray magnetic fields, prohibiting their application for non-volatile memory.  

Al-Bustami et al. and Koplovitz et al. have demonstrated the operation of single ferromagnetic 

nanoplatelet-based memristors using a-helical polyalanine molecules to link the nanoplatelet to device 

contacts, and have reported that the asymmetric functionalization of 10 nm superparamagnetic iron 

oxide nanoparticles with these same molecules gives rise to room-temperature single-domain 

ferromagnetism.9,10 Smolinsky et al. have also demonstrated sub-micron magnetization in 

GaAs/AlGaAs heterostructures coated with SAMs of chiral molecules.11 Moreover, the local 

magnetization in these heterostructures could be controlled simply through application of a gate 

potential, enabling MHz switching rates in completely magnetic field-free spintronic devices. 

 

IV.B.2. Hybrid and Inorganic Chiral Materials 

Self-assembled monolayers (SAMs) – spontaneously organized molecular thin films usually 

prepared on metal, oxide, or semiconductor surfaces – are a flexible and broadly applicable means of 

surface modification and enable precise control over the electronic,12,13 magnetic,14,15 and chemical 

properties of a material surfaces and interfaces.16 Moreover, our work illustrates that, in chiral SAMs, 

the magnitude of spin-selective interaction asymmetry may be enhanced through incorporation of 

heavy species (see chapter III).17,18 Despite these advantages, SAMs are often undesirable as active 

elements in commercial applications due to their relatively poor stability when compared to inorganic 

material layers, and their vulnerability to degradation by low-energy electrons via dissociative electron 

attachment (DEA).19–21  

The tunability of spintronic effects in chiral SAMs through heavy element incorporation offers 

a range of opportunities, enabling the active engineering of spin-selective molecular ensembles. 
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However, inorganic and hybrid materials may also exhibit chiral properties, either as a consequence 

of surface adsorption or incorporation of chiral molecules, or due to intrinsic chirality.22–27 Recent 

work has revealed that the CISS effect is substantial in inorganic or hybrid chiral materials made up 

primarily of heavier species. As discussed previously (see section I.D.1.), magnetic conductive probe 

microscopy is a powerful tool for studying spin-dependent conduction through chiral ensembles.  

Lu et al. have recently employed these tools to study conduction through thin films of two-dimensional 

perovskites containing chiral organic molecules (Figure IV.2a).1,28 These chiral perovskites, containing 

heavier elements such as lead and tin (atomic number 82 and 50, respectively), yield remarkable spin 

polarization of 85% or above, measured as the percent difference in current at a constant potential as 

a function of tip magnetization orientation (Figure IV.2b), significantly higher than any reported values 

for similar measurements conducted on organic systems. The increased stability and spin-polarization 

capacity of chiral inorganic and hybrid ensembles compared to organic assemblies indicates their 

greater suitability for incorporation into spin detectors, polarizers, or practical spintronic devices. 

Materials engineering has long been a foundational component of technological advancement. With 

the benefit of modern data-driven materials discovery approaches beyond traditional trial and error, 

it appears that the search for highly spin selective hybrid and inorganic chiral materials will be 

indispensable to advance chiral spintronics research. 
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Figure IV.2: a) Illustration of two-dimensional chiral hybrid perovskite structure, with alternating organic and 
inorganic layers. The handedness of the chiral organic species determines the chiral nature of the material.  
b) Magnetic conductive atomic force microscopy measurements, plotting current vs. bias as a function of tip 
magnetization orientation (red and blue corresponding to up and down, respectively) for chiral perovskites with 
organic inclusions of opposite handedness. These otherwise identical materials show a dramatic preference for 
electrons of one spin over the other in conduction, dependent on the handedness of the chiral molecule 
incorporated. Adapted with permission from reference 1. Copyright 2019 American Association for the 
Advancement of Science. 
 

IV.B.3. Clean Fuel Production 

 The preferential transmission of electrons of one spin over the other through chiral assemblies 

has enabled the design and synthesis of chiral substrates for supression of hydrogen peroxide 

formation during catalytic water splitting for hydrogen fuel production. Mtangi et al. demonstrated 

that, in photocatalytic water splitting, the overpotential necessary for hydrogen production could be 

dramatically reduced using anodes functionalized by CdSe QDs tethered by chiral organic linkers.29 

The authors hypothesized that spin-selective charge transport between the photoexcited QD and the 

anodic substrate imposes a net spin polarization on the holes left behind in the QD, thereby affecting 

the rate of triplet oxygen formation by oxidation of hydroxide anions at the anode, and thus the net 

a) b) 



 161 

rate of water splitting and hydrogen fuel production. Subsequent experiments by the same group 

investigating chiral organic semiconductor-coated anodes revealed that the decrease in overpotential 

for water splitting accompanied a decrease in the net production of hydrogen peroxide, an unwanted 

byproduct of the water splitting process.30 In the splitting of water, hydroxide anions are oxidized at 

the anode and subsequently form radicals that may then react to form triplet-state molecular oxygen 

and hydrogen gas, or hydrogen peroxide. Spin alignment in charge transfer from the hydroxide anions 

to the chiral anode, determined by the CISS effect, led to favorable spin orientation in the resulting 

radicals, thus increasing the probability of molecular oxygen over hydrogen peroxide formation 

(Figure IV.3). Similar results have recently been reported for fluorine-doped tin oxide anodes 

functionalized with iron oxide nanoparticle-chiral molecule assemblies.31 For water splitting under 

alkaline conditions, where hydrogen peroxide production is already significantly reduced compared to 

neutral conditions, the rate of hydrogen production could be tuned by applying a moderate magnetic 

field (450 mT) to a magnetic mixed-oxide anode.32 Magnetocurrents of up to 100%, measured as the 

percent difference in current density under applied magnetic field conditions (450 mT vs. 0 mT), were 

reported for the highest perfoming magnetic anodes, indicating a dramatic improvement in the 

hydrogen production rate, again likely due to spin orientation. Pan et al. have demonstrated that 

improved hydrogen generation may be engineered in titanium dioxide anodes by controlling the 

titanium vacancy concentration, inducing room-temperature ferromagnetism.33 Moreover, Ghosh et 

al. have recently reported enhanced electrocatalytic water splitting performance using paramagentic 

and intrinsically chiral copper oxide anodes, further demonstrating the wide applicability of this class 

of chiral materials for energy applications.34,35  
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Figure IV.3: Spin alignment in hydroxide radicals following spin-selective oxidation at chiral anodes suppresses 
competitive hydrogen peroxide and singlet oxygen in favor of triplet molecular oxygen formation, thereby 
improving the rate of hydrogen gas production when compared to achiral anodes. Reproduced with permission 
from reference 34. Copyright 2019 American Chemical Society. 
 

IV.B.4. Room-Temperature Spin-Polarized Electron Sources  

While remarkable spin polarizations of up to 60% have been observed in photoemission from 

noble metal surfaces functionalized with SAMs of DNA,36 the lack of stability of SAMs with respect 

to ionizing radiation and low-energy photoelectrons poses a major barrier to their implementation as 

instrumentation-scale sources of spin-polarized electrons. Inorganic materials demonstrate 

significantly improved stability under irradiation, and as such are natural candidates for applications 

involving extended exposure. Applying Mott polarimetry to study low-energy photoelectrons emitted 

from thin films of chiral copper oxide on gold, Ghosh et al. reported spin polarization values of             

5-10%, saturating at film thicknesses around 30 nm.34 Although these values of polarization are 

significantly lower than those obtained from photoemission from conventional negative electron 

affinity GaAs,37 which easily reaches 40% spin polarization, nonetheless this initial work paves the way 

for future development of suitable inorganic chiral crystals capable of producing electron beams with 

spin polarization matching that of DNA-functionalized gold. Indeed, recent work by Sakano et al. has 
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revealed remarkable degrees of spin polarization in photoemission from nonmagnetic chiral elemental 

tellurium – reaching nearly 90% – as probed by spin- and angle-resolved photoemission 

spectroscopy.38 The continued application of such powerful solid-state methods to chiral inorganic 

crystals is likely to reveal additional promising materials in the future.  

Similarly, freestanding thin films of chiral inorganic materials may serve as useful components 

in the design of spin detectors. A population of electrons emitted from a sample during spectroscopic 

measurement could be split, with half the population passed through a chiral thin film before reaching 

a detector, and the other half sent directly to the detector. The relative intensity between the two 

signals may then be compared, taking into account the spin-selective transmissivity of the chiral film. 

In this way, the net polarization of the emitted photoelectrons may be reconstructed along any 

experimental axis. However, significant challenges remain in understanding the relationship between 

photoelectron energy and spin selecitivity in transmission through chiral thin films before such a 

technology may be practically realized. 

 

IV.B.5. Characterization of Magnetic Materials 

 The CISS effect has recently been leveraged as a means toward the development of a novel 

mode of scanning probe microscopy. Spin-exchange microscopy, pioneered by Ziv et al., is a 

modification of standard atomic force microscopy wherein the microscope tip is functionalized with 

a chiral molecule, such as a-helical polyalanine, separated from the tip with an achiral linker to 

minimize electrostatic forces between the tip and substrate (Figure IV.4a).39 When the chiral molecule 

is brought near the sample, induced dipole forces cause a redistribution of charge within the molecule. 

This charge redistribtion is accompanied by a spin polarization, as electrons with opposite spin are 

not equally likely to propagate through the molecule. When the electron wavefunctions of the 

magnetic sample and the chiral moleule overlap, their spins may be either parallel or antiparallel, 
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leading to an exchange interaction-driven difference in the pulling force experienced by the 

microscope cantilever (Figure IV.4b). The net pulling force can then be compared for an identical 

sample measured twice, under opposite magnetization conditions, and the spatial asymmetry plotted. 

Due to the requirement for wavefunction overlap between molecule and sample, this method is 

extremely surface sensitive and may enable the characterization of magnetic features beyond the 

resolution limitation of traditional magnetic atomic force microscopy. 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure IV.4: a) Operating principle of spin-exchange microscopy. Charge redistribution within a chiral 
molecule such as a-helical polyalanine (AHPA) is accompanied by a transient spin polarization as a consequence 
of the chiral-induced spin selectivity effect. When the tip is brought close to the magnetic substrate, exchange 
interactions – the magnitude of which are determined by the relative orientation of electron spin within the 
AHPA and the magnetic substrate – result in differential pulling forces, which may be measured via differences 
in cantilever deflection. b) The mean pulling force experienced by the microscope tip is dependent on the local 
magnetization orientation of the sample region surveyed only when the tip is functionalized with a chiral 
molecule, such as AHPA. For achiral molecules, charge redistribution is not accompanied by spin polarization, 
leading to loss of magnetization resolution. Adapted with permission from reference 39. Copyright 2019 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 

a) 

b) 
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 The magnitude of the exchange interactions observed by Ziv et al. is on the order of 150 meV. 

Ghosh et al. arrived at a similar result by measuring contact potential differences for ferromagnetic 

thin films functionalized with SAMs of chiral molecules using Kelvin-probe microscopy.40 The 

measured contact potentials for ferromagnetic thin films functionalized with chiral SAMs was found 

to depend significantly on the magnetization orientation of the magnetic layer and the molecular 

handedness. The matching between the magnetization of the ferromagnetic layer and the chirality of 

the SAM determines the barrier to charge injection between the two layers, leading to  

magnetization-dependent charge density within the SAM upon measurement. Notably, this behavior 

is significantly attenuated when the chiral film is separated from the ferromagnetic layer by a 10-nm 

gold interlayer, indicating that spin randomization in charge transport through the gold interferes with 

the spin-sensitive ferromagnetic-chiral SAM interface. These studies highlight two ways in which the 

CISS effect may be employed in the design of novel methods to characterize chiral and magnetic 

materials, emphasizing the wide applicability of this phenomenon beyond spintronic device design. 

 

IV.C. BIOMOLECULAR IMPLICATIONS 

IV.C.1. Homochirality in Nature  

Among the most confounding of open questions facing Science today is that of enantiomeric 

excess in biology. Although many biomolecules can be synthesized in mirror-image form in the 

laboratory, Nature exhibits a remarkable preference for molecules of one handedness over the other. 

In organisms, amino acids are almost always left-handed and sugars right-handed. Proteins are made 

of right-handed a-helical peptide subunits and DNA is formed of right-handed double helices. This 

knowledge gap was highlighted by Science in 2005 as one of the 125 most important unaswered 

questions. Fifteen years later, the origins of homochirality remain uncertain. However, improved 

understanding of electron-chiral molecule interactions developed over the past 60 years has led to the 
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suggestion of a number of potential mechanisms by which this enantiomeric excess could have 

developed. Bonner has classified possible descriptions of homochirality into two classes; biotic and 

abiotic.41 In a biotic description, specialization of life-essential biomolecules in left- or right-handed 

amino acids or sugars drives homochirality, intimately tieing the development of living organisms to 

their predisposition for chiral building blocks of a certain handedness. There not being any particular 

reason for fledgling biological machinary to specialize for left- or right-handed amino acids or sugars 

over the opposite, biotic descriptions of homochirality rely on chance events early in living history to 

give one set of enantiomers an initial advantage, which might then have propagated throughout 

evolution and resulted in the near-absolute homochirality that we see today. Gol’danski and Kuz’min 

employed molecular models to demonstrate that absolute homochirality of sugars is necessary for the 

formation of DNA.42 A single nucleotide containing L-deoxyribose would introduce a defect into the 

double-helical structure of the DNA, preventing hydrogen bonding of the L-nucleotide with its 

complement. This extreme sensitivity to chirality at the single-nucleotide level poses a significant 

impediment to the plausibility of biotic descriptions of the origins of homochirality in biology. 

 

IV.C.2. Photochirogenesis 

Abiotic descriptions predict an unequal balance of biomolecular building blocks pre-dating 

the emergence of life, with biological homochirality resulting as a consequence of unequal initial 

populations of resources. Among abiotic descriptions, enantiomeric excess may be initialized by 

chance or determinate mechanisms. Chance mechanisms – being analogous to a flip of a coin – will 

not be covered herein. Photochirogenesis, the hypothesis that enantiomeric excess results from 

preferential destruction of one enantiomer over the other due to unequal absorption of circularly 

polarized light, is one of the most prominent possible determinate mechanisms.43 Indeed, laboratory 

measurements reveal 20% enantiomeric excess following photolysis induced by circularly polarized 
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light of 99% of initially racemic camphor molecules.44 Similar results have been obtained for analogous 

experiments conducted on leucine, an essential amino acid.45 Bonner suggests that these initially small 

enantiomeric excesses could, as a result of amplifying processes, grow naturally toward near-complete 

homochirality. Bailey et al. have observed cirucular polarizaton of 17% at infrared wavelengths, 

resulting from Mie scattering from dust in the Orion OMC-1 star forming region, highlighting a 

possible source of the circularly polarized light necessary to drive photochirogenesis.46 To impart a 

constant asymmetry in photolysis, a universally consistent source of low-wavelength (near 200 nm, 

where chiroptical activity for amino acids is most pronounced) circularly polarized photons must exist, 

and moreover must in each circumstance select for the L-form amino acid.47,48 Such a source has not 

yet been observed, although potential sources have been hypothesized.49  

Among the most prominent of these hypothesis was put forward by Vester and Ulbricht.50 

Following the groundbreaking experimental discovery of parity nonconservation in b decay of 

oriented 60Co nuclei by Wu et al. in 1957,51 Vester and Ulbricht suggested that the handedness 

asymmetry of electrons emitted during b decay may give rise to circularly polarized bremsstrahlung 

radiation, which could then induce preferential photolysis in one set of enantiomers of a chiral 

molecule. However, the asymmetry predicted in such interactions is incredibly small (on the order of 

10-13 eV) for the light elements that make up most biomolecules.52 

 

IV.C.3. Electrochirogenesis 

 Some evidence exists to support the direct interaction of polarized b particles with chiral 

molecules or molecular precursors as a driver of enantiospecific synthesis or degradation of amino 

acids, however, the effects observed are vanishingly small, and have not subsequently been 

reproduced.53,54 Nonetheless, in light of recent observation of strong spin polarization in electron 

transmission through chiral molecules,36 the role of direct electron-molecule interactions as a driving 
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force for biomolecular homochirality, known as electrochirogenesis, has drawn renewed attention in 

recent years.55 The interaction of any source of ionizing radiation with matter will produce large 

amounts of low-energy (<20 eV) secondary electrons, which are well understood to interact strongly 

with molecular systems.56 The spin polarization of free electrons transmitted through chiral molecular 

films is similarly expected to be most significant at low energies (see section I.E).57 Low-energy 

electrons may damage biomolecules via inelastic interactions resulting in direct bond breaking, or else 

through DEA, during which the formation of charged intermediate states drives molecular 

fragmentation.20,58 In the context of the CISS effect, the propensity for these interactions to occur with 

chiral molecules may depend on the spin of the low-energy electron. Polarized electrons may be 

photoemitted from magnetic materials directly, or generated in photoemission from nonmagnetic 

materials such as gold or GaAs under circularly polarized illumination.36,37,59,60 However, these 

mechanisms still require net orientation of magnetic materials, or else asymmetry in circularly polarized 

ionizing radiation. Parity non-conservation in b decay may provide such asymmetry, but much work 

remains to be done to understand how secondary electrons generated by b particle interactions with 

matter may give rise to polarized secondary electrons, and the degree to which those secondary 

electrons may induce asymmetric degradation or synthesis of biologically relevant small molecules. 

 

IV.C.4. Symmetry Constraints in Biomolecular Interactions 

 Kumar et al. have measured transient spin polarization accompanying charge redistribution 

within SAMs of chiral oligopeptides in a modified Hall effect device.61 The relationship between 

charge redistribution within a chiral molecule – an essential component of many intermolecular 

interactions driven by dipole-induced dipole and London dispersion forces – and transient spin 

polarization suggests that the CISS effect may hold relevance at the scale of biomolecular processes 

as well. A helical molecule encountering another molecule of the same handedness, aligned along a 
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common longitudinal axis, may experience induced dipole forces as a consequence of instantaneous 

dipoles formed across the second molecule (Figure IV.5a,b). These dipole forces would induce charge 

redistribution along the helical molecules, accompanied by spin polarization due to their chirality. 

Exchange interactions between the two molecules will then be driven by the spin alignment of the 

overlapping electron wavefunctions. For molecules of the same handedness, spin polarization across 

the molecules will occur with the same polarity, indicating that the exchange interaction will be 

correspond to antiparallel spins, analogous to a singlet state (Figure IV.5c). For helical molecules of 

opposite handedness, comparison to a triplet state is more accurate (Figure IV.5d).62 

 

 

 

 

 

 

 

 

 

Figure IV.5: a) Model helical chiral molecule. b) Intermolecular interactions between two molecules will 
induce charge redistribution in both molecules. Charge distribution along the helical axis of a chiral molecule 
will be accompanied by spin polarization. Depending on the chirality matching between the interacting 
molecules, exchange interactions may correspond to c) antiparallel or d) parallel spin, analogous to singlet and 
triplet states, respectively. Adapted with permission from reference 62. Copyright 2017 The Royal Society of 
Chemistry. 
 
 
 Using closed-shell symmetry-adapted perturbation theory, Kumar et al. calculated the 

interaction energy for two simple chiral molecules interacting through achiral methyl groups and found 

a significant difference in the interaction energy depending on the chirality matching between the two 

a) 

b) 

c) 

d) 
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molecules. Although the intermolecular interactions were found to be trivial beyond 3.5 Å, their 

chirality-dependent magnitudes differed by more than 100% at lesser spacings, with a smaller energy 

calculated for the interaction of two chiral molecules of the same sign compared to the interaction of 

two molecules of opposite handedness. These calculations demonstrate that exchange interactions 

become significant for chiral molecules, indicating that spin should not be neglected when modeling 

interactions between two closed-shell molecules, as is often the norm. Further, the interaction energy 

gap is significant at biomolecule-relevant length scales, suggesting that the selectivity in interactions 

between chiral biomolecules may not only be driven by steric considerations. 

 

IV.D. OUTLOOK 

 The CISS effect should be considered integral to the design of next-generation spintronic 

devices for low-power, high-speed computation. Chiral materials show great promise in a wide range 

of technological applications, from sources of spin-polarized electrons in spectroscopy and spin 

detectors in electron microscopy, to generation of clean fuels and even the design of novel methods 

for magnetic materials characterization. In the context of biology, the CISS effect may play a vital role 

in unraveling the mystery of homochirality in Nature, and will be indispensable for better 

understanding the interactions between chiral biomolecules, with potential applications ranging from 

the clarification of biomolecular reaction pathways to pharmaceutical design. Great advances have 

been made within the CISS community in recent years, however, fundamental understanding of the 

molecular and environmental parameters underlying the widely disparate experimental results 

obtained in measurements of spin polarization of free electrons transmitted through chiral molecular 

films remains elusive. The identification of unifying mechanisms and the development of 

comprehensive and widely applicable theoretical models will prove immensely valuable as the field 

continue to mature. A bright future seems all but certain for the CISS effect. 
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