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6.1 Introduction 
The Chirality-Induced Spin Selectivity (CISS) effect has been investigated for both its 
fundamental implications and its promising applications since the first report in 1999 [1]. This 
first study reported an asymmetry in spin population for electrons photoemitted from films of 
stearoyl lysine, a chiral organic molecule. The effect is intriguing, as the degree of spin 
polarization found cannot be quantitatively explained by spin-orbit coupling. Calculations 
based on spin-orbit coupling yield a 100-1000 times lower degree of spin polarization than 
found in experiments [2], due to the small spin-orbit coupling parameters of the lightweight 
(carbon-) atoms involved. Recent studies attempt to explain the CISS effect as intrinsically 
related to disorder that diminishes at low temperatures [3] or by spin-dependent coherent 
scattering [4].  

The first set of experiments by Ray et al. [1] focused on films of lefthanded (L) and righthanded 
(D) stearoyl lysine, five monolayers thick, and the effect of the composition of the layers on
spin-selectivity. They measured the (energy-dependent) photoemission intensity from five
layers of L- stearoyl lysine under illumination with left- and right-circularly polarized light
(reprinted in Fig. 6.1a). They interpreted the difference in photoemissivity between left- and
right-circularly polarized light as a spin-filtering effect on the electrons photoemitted from the
gold substrate, which have a preferred spin depending on the handedness of the light.

Furthermore, they found that in a stack of organic films of different handedness the degree of 
spin polarization was only dependent on the number of layers of each handedness and not their 
order. The authors concluded that the organic layers act as independent spin filters with a certain 
spin-dependent transmission probability. For five monolayers consisting of 99% L-stearoyl 
lysine and 1% R-stearoyl lysine, they reported the absence of the intensity-dependence on the 
handedness of light (Fig. 6.1a, panel B), suggesting that spin-selectivity is a collective 
phenomenon in the layer.  

In a later photoemission experiment, Göhler et al. [5] reported on the spin polarization of 
photoelectrons emitted from monolayers of DNA. They show that the spin polarization differs 
by a few percent between left- and right-circular polarized illumination (Fig. 6.1c), which is 
attributed to the spin-asymmetry in photoemission from the underlying gold. However, the 
CISS effect was strong enough to keep the same majority spin anti-parallel to the direction of 
travel, independent of laser light polarization (see Fig. 6.1c). Also, they found a difference in 
photoemission intensity depending on the handedness of the laser light, as reprinted in Figure 
6.1b, in line with the spin-filtering effect reported previously by Ray et al. (Fig 1a).  

For DNA of different lengths, Göhler et al. [5] found a spin polarization of 31% for 50 base 
pairs, rising to 57% (anti-parallel to the direction of travel for all lengths) for 78 base pairs of 
double-stranded DNA (under illumination with linearly polarized light).  

Scanning probe measurements of CISS report a large site-dependence of the degree of spin-
polarization [6,7]. Although the assembly of organic film aims for uniformity, one can expect 
the formation of defects and domains of molecules (with the same orientation), possibly 
producing hotspots in photoemissivity and spin selectivity.  
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Figure 6.1: Exemplary reports of chirality-induced spin selectivity (CISS) and the accompanying 
intensity difference between right- and left-circularly polarized light measured in photoemission 
experiments. (a) Reprint of Figure 2 from Ray et al. [1] showing the electron energy distribution 
obtained with linearly polarized light (solid line), right-handed circularly polarized light (dashed 
lines), and left- handed circularly polarized light (dotted lines). The film consisted of five layers of 
enantiopure L-stearoyl lysine (A) and a mixture with 1% D-stearoyl lysine added (B). (b, c) Reprint 
of Fig. S6 and Fig. 3 from Göhler et al. [5] showing the photoemissivity intensity (b) and spin 
polarization (c) of double stranded DNA for right-circularly polarized light (green) and left-circularly 
polarized light (red). The interpretation is that chiral molecular layers act as spin filters with different 
transmission probabilities for the different spins emitted from the gold substrates, i.e. CISS. Reprinted 
with permission from AAAS.  

In our experiment, we set out to use the imaging capabilities of the ESCHER setup, to acquire 
an image of the polarization-dependent photoemission. As we have no means of measuring spin 
directly in our ESCHER setup, we instead control the handedness of light and image the 
resulting photoemission intensity. The experiments by Ray et al. [1] and Göhler et al. [5] show 
that spin-selectivity goes hand in hand with the photoemission intensity dependent on 
handedness of light (see Fig. 6.1). The reported effect on intensity is in the order of ±10 % 
compared to the photoemission intensity under linearly polarized illumination.  

We will study a sample of sulfur-functionalized R-BINAP molecules (2,2′-
bis(diphenylphosphino)-1,1′-binaphthyl) on top of a 40 nm gold layer. The layered sample 
structure mimics the one in the photoemission experiments cited above. BINAP is a short, 
carbon-based molecule with a chiral center in the middle, and is commercially used for chiral 
synthesis. Recent studies report conductive-AFM measurements of the CISS effect in BINAP 
and a corresponding asymmetry in circular-dichroism over a broad DUV wavelength range [8]. 
As the thin chiral molecular film is prepared on top of a non-chiral layer, we will first explore 
the photoemission of a non-chiral substrate. To gain further understanding of the polarization 
control setup, we also investigate the polarization-dependent photoemission of gold 



Chapter 6: Photoemission from chiral molecule films 

86 

 
 

 
 

 
 

 

nanostructures with sizes in the order of the deep ultraviolet (DUV) wavelength. Finally, we 
report on the photoemission of a thin film of chiral R-BINAP molecules [9], and its dependence 
on the circular/elliptical polarization of the (DUV) light.  

6.2 Experimental 

6.2.1 Linear polarization and photoemission  
In the ESCHER LEEM setup, the DUV laser beam (224 nm, HeAg70, PhotonSystems) enters 
the vacuum chamber through one of the fused silica viewports directed toward the sample. 
Unlike in the geometry used in the group of Zacharias [5,10], the light in our experiment does 
not hit the sample perpendicular to the surface, but under an angle of Θ = 70∘ from the surface 
normal. Thus, the incoming and reflected light rays span a plane, with different reflectivities 
for the linear polarization perpendicular to the plane (s polarization) and the linear polarization 
parallel to the plane (p polarization). The geometry of the light ray incident on the sample, 
together with the s and p polarization electric field components 𝐸𝐸𝑠𝑠 and 𝐸𝐸𝑝𝑝, is shown in Figure 
6.2. The angle enclosed by the ray and the sample is 𝛼𝛼 = 20∘.  

 

Figure 6.2: Sketch of the illumination geometry in our experiment. The DUV laser beam (violet) is 
incident on the sample (grey) under a sharp angle given by the setup of the vacuum chamber. Linear 
components of the electric field of the DUV light ray and electric fields projected on the sample are 
shown. The s component does not change when it is projected, as it is always perpendicular to the 
plane spanned by the incident and reflected light ray. The p component of the electric field is 
diminished when incident on the sample, with 𝐸𝐸p,proj. = sin(𝛼𝛼) ⋅ 𝐸𝐸p. 

While usually the effect of linear polarization direction on light reflection (and for dielectrics 
transmission) is discussed, it will also have an influence on the photoemission from a non-
transparent surface. In general, the photoemission intensity will depend on the band transitions 
in the material, which are the contrast mechanism in (polarization-dependent) ARPES of 
crystalline surfaces. For the gold and silicon surfaces one can expect a simple relation: The 
photoemission is proportional to the light that is not reflected, i.e., absorbed (assuming a bulk 
sample).  

According to the Fresnel equations [11], the reflection coefficients of light, on the vacuum-
sample interface with the complex refractive index 𝑛𝑛 of the sample, are  

𝑅𝑅𝑠𝑠 =   �
cosΘ − √𝑛𝑛2 − sin2 Θ
cosΘ + √𝑛𝑛2 − sin2 Θ

�
2
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and 

𝑅𝑅𝑝𝑝 = �
n2 cosΘ − √𝑛𝑛2 − sin2 Θ
n2 cosΘ + √𝑛𝑛2 − sin2 Θ

�
2

for s and p polarized light, respectively, and the angle Θ = 90∘ − 𝛼𝛼 off the surface normal. 
Thus, the absorbed intensities are 𝑇𝑇𝑠𝑠/𝑝𝑝 = 1 − 𝑅𝑅𝑠𝑠/𝑝𝑝. 

At 224 nm wavelength and Θ = 70∘ , we can expect 𝑇𝑇𝑠𝑠 = 0.44 and 𝑇𝑇𝑝𝑝 = 0.88 for silicon 
according to the refractive index reported by Aspnes and Studna [12] and expect 𝑇𝑇𝑠𝑠 = 0.32
and 𝑇𝑇𝑝𝑝 = 0.81 for gold (Au) according to Ciesielski et al. [13], who measured a 35 nm thin Au 
film on SiO2. 

Figure 6.3: (a) The linear polarization is controlled by a polarizer (Glan-Taylor prism) and a 𝜆𝜆/2 plate 
on a motorized rotation mount outside the vacuum chamber. The sample was patterned electron-beam 
lithographically according to the design in (b). The LEEM image (c) at the mirror mode transition 
shows, that the square and lines transferred successfully, while the number 4 only shows up in a dot 
and a line. The raised features are made of 40 nm gold on top of a 5 nm titanium sticking layer.

The polarization control, which is attached to the outside of the vacuum viewport flange, (Fig. 
6.2a) consists of a linear polarizer (Glan Taylor style prism, Thorlabs GLB10) and a 𝜆𝜆/2 plate 
(Tim optics Jena) that is rotated by a stepper motor. The laser beam is aligned onto the sample 
with a mirror (aluminum, DUV-enhanced mirror, Edmund optics). The mirror already 
introduces a partial polarization of the laser beam, due to the Fresnel equations explained 
earlier. The linear polarizer is kept constant during the data acquisition, as to not vary the 
intensity due to varying the mirror and linear polarizer axis, and the linear polarization direction 
is varied with the 𝜆𝜆/2 plate. We name the angle between the linear polarizer and the 𝜆𝜆/2 plate 
Φ.
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Turning the 𝜆𝜆/2 plate with respect to the linear polarizer leads to a doubling (2 ⋅ Φ) of the 
polarization vector angle with respect to the lambda half plate fast (slow) axis. Aligning either 
the fast or slow 𝜆𝜆/2 plate axis with the linear polarizer, which happens every 90∘, leads to an 
unchanged polarization. Therefore, the polarization vector after the 𝜆𝜆/2 plate, i.e., incident on 
the sample, is 90∘ periodic in 𝜆𝜆/2 plate angle.  

To align the linear polarizer to the s polarization axis on the sample, we rotate the 𝜆𝜆/2 plate and 
find the angle of minimum photoemission. Then we set the linear polarizer to double the angle 
where that minimum was found, as the angle was doubled by the 𝜆𝜆/2 plate. The setting of the 
linear polarizer is then checked by rotating the 𝜆𝜆/2 plate symmetrically around the new Φ = 0∘ 
axis of the linear polarizer.  

6.2.2 Principal tests on gold structures 
To test our set-up, we first use samples that consist of a lithographically defined gold (40 nm, 
on 5 nm chromium) pattern (Fig. 6.3b). We acquired a LEEM image at the mirror mode 
transition energy and with a contrast aperture inserted (Fig. 6.3c). The size of the gold square 
is approximately 1 μm x 1 μm and the size of the lines is approximately 1 μm x 150 nm 
according to the LEEM image. The electron beam lithography design contained smaller 
structures, with four times smaller base lengths as indicated by the 4 in Figure 6.3b, which could 
not be found in PEEM (with the 224 nm laser or the Hg light source) or LEEM. Small structures 
are known to not be exposed correctly or not adhere to the substrate during the removal of the 
excess gold (lift-off). Alike, the number 4 in the design was too small to transfer fully, as seen 
in the LEEM image Figure 6.3c. The size of 1 um of the smallest structures produced and shown 
in Figure 6.3c is still comparable to 4 times the wavelength of the light used and the short 
dimension of the lines is smaller than the wavelength, thus can be expected to show plasmonic 
behavior. The lines have a characteristic aspect ratio of 1000 nm/150 nm ≈ 6.7. 

The data in Figure 6.4 is acquired by rotating the 𝜆𝜆/2  plate angle in steps of 
360∘/64 ≈ 5. 6∘and integrating the image over 256 laser pulses. The integrated image is shown 
in the inset of Figure 6.4, with the arrow colors corresponding to the plot. First, we note that all 
curves in Fig. 6.4 are indeed 90∘ periodic. The substrate photoemission curve, which was used 
to align the linear polarizer to the s polarization and define the Φ angle, has a minimum at 0∘, 
by construction, and at multiples of 90∘. The photoemission curve of the gold square (orange, 
Figure 6.4) follows the same sine-like curve, but at approximately 5 times higher intensity. 
Photoemission from gold is indeed expected, as the work function of gold is 5.10 – 5.47 eV 
according to literature [14,15] (depending on facet, crystallinity, etc.), which is lower than the 
photon energy of 5.54 eV at 224 nm wavelength. Although the work functions of the (p-doped) 
Si and its native silicon oxide layer are lower than that of gold, around 5.0 eV [16], the Si 
substrate emits fewer photoelectrons than the gold. We attribute this to the lowering of the gold 
work function due to organic contaminations deposited during the dissolution of PMMA in 
acetone. Organic contamination of Au is known to further lower the work function by up to 1 
eV [17].  
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Figure 6.4: Photoemission intensity as function of 𝜆𝜆/2 plate angle for the features indicated in the 
inset. The inset shows the integrated photoemission image. The dependence of photoemission on 
linear polarization direction is expected as the light is incident on the surface under a sharp angle, 
leading to polarization-dependent reflection. All curves are 90∘ periodic in 𝜆𝜆/2 plate angle, as this is 
the periodicity of going from p-polarized to s-polarized to p-polarized linear light. The 
photoemissivity curve of the square is in phase with the one of the substrate, while the ones of the 
lines are shifted by 45∘, pointing to a plasmonic response. Here, the maximum of photoemission 
occurs when the light is polarized parallel to the long direction of the lines. 

The photoemission of the two gold lines (marked in blue in Figure 6.4) is shifted by 45∘ in 
𝜆𝜆/2 plate coordinates/angle with respect to the gold square (and substrate) photoemission 
curve. As a check, we moved the sample stage along the direction of the lines, to move the stage 
by a visible amount to determine the orientation of the lines with respect to the polarizer. As 
far as can be judged by eye, the lines are perpendicular to the linear polarizer orientation. Thus, 
the photoemission maxima at Φ = 45∘ in 𝜆𝜆/2 plate correspond to polarization parallel to the 
lines. This is in line with the results reported by Sun et al. [18], where two photoemission 
hotspots at the ends of the gold structures parallel the laser polarization were observed.  

As argued above, the photoemission intensity is expected to follow a sine function, as the 
polarization rotated by 2Φ  with respect to the original s-polarization, is projected onto the s- 
and p-component. Figure 6.5 shows the function 

𝐼𝐼(Φ)
𝐼𝐼0

= 1 + �𝑇𝑇𝑝𝑝 𝑇𝑇𝑠𝑠
� − 1� ⋅ sin2(2Φ + Φ0) eq. 1 

overlaid on the data. For the lines, a phase shift Φ 0 = 45∘ is applied, as they are out of phase 
as discussed above, whereas no phase shift (Φ 0 = 0∘) is applied to the substrate or gold square. 
The only free parameter in the model is the intensity 𝐼𝐼0. The relative intensity of maxima and 
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minima is not fitted but set by the ratio 𝑇𝑇𝑝𝑝/𝑇𝑇𝑠𝑠  = 0.81/0.32  (0.88/0.44 for the Si substrate) 
calculated from the literature refractive indices. 

The data in Figure 6.5 is described well by the sine behavior in Equation 1 for 𝐼𝐼(Φ). The 
photoemissivity of both the line and square gold structures matches the contrast between s and 
p polarized expected from literature. This in turn confirms that the photoemission is 
proportional to the non-reflected intensity, as determined by the Fresnel equations. The phase 
shift Φ0 of the line structures is close to 45∘, although that is a coincidence in how the sample 
was oriented. Had the sample been rotated by another 90∘ during mounting, then the lines 
would have been parallel to the s polarization direction and thus not show a phase shift. The 
relative difference between the maxima and minima of the substrate is slightly larger than 
expected for Si, which can be the result using p-doped Si, that is more conductive than undoped 
Si.  

Figure 6.5: Photoemission intensity data (solid lines) and sine function fit according to Eq. 1 (dashed 
lines). The relative amplitude of the sine, i.e., the ratio of maximum to minimum, is fixed to the 
calculated value of 𝑇𝑇𝑝𝑝/𝑇𝑇𝑠𝑠 according to literature, 𝑇𝑇𝑝𝑝/𝑇𝑇𝑠𝑠  = 0.81/0.32 for gold and  𝑇𝑇𝑝𝑝/𝑇𝑇𝑠𝑠  =
0.88/0.44 for the Si substrate. The scaling factor of the sine is fitted, and the angular offset is set to 
0∘ (for the substrate and ‘square’ curves) or 45∘ (for the ‘line bottom’ curve). The good 
correspondence with this one parameter fit shows, that the photoemission is proportional to the 
intensity of light not reflected according to the Fresnel equations.  

6.2.3 Polarization-dependent Photoemission from BINAP
Molecules based on 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (BINAP) are commonly used 
as enantiopure precursors/catalysts for the enantiomer-specific synthesis of molecules. BINAP 
is commercially available in high enantiopurity. The S-functionalized short BINAP molecule 
used in this chapter was provided by our collaborators C. Hsu, A. Philip and F. Grozema at the 
Faculty of Applied Sciences, Delft University. The same molecule has been studied in fast break 
junction experiments described in chapter 7 of the PhD thesis of Chunwei Hsu [19]. 
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Figure 6.6: Optical setup (a) for elliptical polarization generation used on the chiral molecules. 
Compared to the linear polarization experiment (Fig. 6.3a), a 𝜆𝜆/4 plate is added after the rotatable 
𝜆𝜆/2 plate, to turn the linear polarization into elliptical polarization. Also, a lens (focal length f=175 
mm) is added, to focus the DUV laser beam and thus increase the flux of photons and proportionally
photoemitted electrons. The BINAP molecule is sketched in Figure 6.3b. The height of the BINAP
film on gold is measured with the profilometer, by scratching the surface with a carbon tweezer tip
and measuring the depth of the created trench. The optical image (c) with the vertical scratch (between
the black tip and the red crosshairs) and the measured height profile (d) are shown. The scratch
(marked orange in the profile, d), removing the molecular layer and possibly some of the gold layer,
is 5 nm deep. The molecule structure (b) is a reproduction of Figure 7.6 in [19], where the same
molecules were used.

For sample preparation, a 20 nm gold film was evaporated on a Si chip with a 5 nm titanium 
sticking layer. Then the modified BINAP molecules were deposited on the coated chip, by 
incubating it in a 0.1 mM BINAP (in dichloromethane, DCM) solution for 24 hours. On the 
next day, the chip was rinsed in DCM and blow-dried in nitrogen to remove excess BINAP 
molecules. We scratched the sample with a carbon tweezer tip to remove a strip of molecules 
and create an achiral reference area. Profilometer profiles were acquired after the in-vacuum 
measurement. The roughness of the layer shows, that it is not a well-assembled monolayer 
(shown in Figure 6.6d). Still the profile linecut across this scratched trench, that scratched down 
into the gold layer, shows that the BINAP film is thinner than 5 nm high.  
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To measure photoemission depending on the handedness of the circularly polarized light, a 𝜆𝜆/4 
plate was added to the polarization control optics. The optical setup for this experiment is shown 
in Figure 6.6a. If the linear polarized light is incident at ±45∘ from the fast axis of the 𝜆𝜆/4 
plate, the resulting light will be right-/left- polarized. If the linear polarized light is incident 
along the fast (or slow) axis of the 𝜆𝜆/4 plate, the polarization will remain linear. In between 
these prototypical settings, any elliptical polarization is possible. We note that the axes of the 
ellipse always coincide with the fast and slow axes of the 𝜆𝜆/4 plate, unlike what many 
illustrations in textbooks suggest [20,21]. Therefore, we will keep the 𝜆𝜆/4 plate fixed in our 
experiment, aligned parallel to the linear polarizer, and vary the resulting polarization by 
rotating the 𝜆𝜆/2 plate angle Φ on a motorized mount. Rotating the 𝜆𝜆/4 plate would result in a 
rotation of the long axis of the ellipse with respect to the s-/p-polarization axis. If the 𝜆𝜆/4  plate 
is indeed perfectly aligned parallel to the s-/p- axis of the sample and if it were rotated 
symmetrically, the linear projection of the long ellipse axis on the s-/p-axis would not affect the 
photoemission intensity background, but as we expect the chirality signal to be small compared 
to the linear polarization response (investigated above), fixing the 𝜆𝜆/4 plate is advantageous.  

 

We checked the alignment of the 𝜆𝜆/4  plate by symmetrically rotating the 𝜆𝜆/2  plate and 
comparing the photoemission intensity on an achiral area of the sample. The achiral area was 
produced by illuminating it with the LEEM beam at 100 eV electron energy for 30 s, which 
leads to bond breaking and making [22]. A loss of the chiral signal has been shown in transport 
devices after applying 1 mA current over a 5 x 5 μm2 junction [23] and by ellipsometry after 
exposure to UV light [24]. 

As the light is incident on the sample under an angle of Θ = 70∘ from the surface normal, the 
projection of circular polarization on the sample will be squished into elliptical polarization 
along the plane spanned by the incident and reflected ray, while the polarization component 
perpendicular to that plane (s-component) remains unaltered. The projected component 𝐸𝐸p,proj. 
of the polarization 𝐸𝐸p is shortened to 𝐸𝐸p,proj. = sin(𝛼𝛼) ⋅ 𝐸𝐸p ≈ 0.34 ⋅ 𝐸𝐸p as shown in Figure 6.2. 
To compensate for this projection effect and reach a circular polarization projected on the 
sample, we aim to adjust the laser polarization to elliptical polarization that is elongated 
by 1/sin𝛼𝛼 in the p-polarization direction. The ellipticity of the light after passing the 𝜆𝜆/4 plate 
is given by the ratio of the linear electric field projected on the fast and slow axis of the 𝜆𝜆/4 
plate, 𝐸𝐸fast/𝐸𝐸slow = 𝐸𝐸lin. ⋅ cos (2Φ)/sin (2Φ). Thus, the requirement is tan(2Φ) = sin (𝛼𝛼). 
This is the case for the fast axis of the 𝜆𝜆/4 plate aligned to the p-polarization direction and the 
linear polarized light incident on the 𝜆𝜆/4 plate at 2Φ = ± 18∘ from the fast axis. Therefore, we 
will acquire images with the 𝜆𝜆/2 plate set to Φ = ± 9∘ from the fast axis of the 𝜆𝜆/4 plate. For 
short, we will refer to these settings as R-polarized (Φ = + 9∘) and L-polarized (Φ = −9∘) 
light.  

For the following measurement, we also added a lens (DUV enhanced, plano-convex, f=175 
mm) to the setup, to focus the laser intensity to a smaller spot and thus increase the flux of 
photoemitted electrons. The focused spot is still larger than the field of view in PEEM mode. 
As the focal length of the lens is large with f = 175 mm, the distortions it introduces to 
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polarization are expected to be minimal. As the electron emission is still low and the low 
electron count will be the major noise source, a large field of view was chosen in the recording.  

The horizontal lines in Figure 6.6 are the scratch marks created by scratching the carbon tweezer 
tip over the sample to remove the molecules. The darker photoemission indicates that we 
reached a more pristine gold layer that has a higher work function than the BINAP molecules.  

To test the effect of the different elliptical polarization on electron emission, thus the CISS 
effect on the BINAP film, the difference image between the right-handed and left-handed 
illumination images (Fig. 6.7b and Fig. 6.7a, respectively) is shown in Figure 6.8a. The scale 
bar shows the relative difference between R and L polarization, with areas that are brighter in 
right-handed polarization in red and areas that are brighter in left-handed polarization in blue. 
Zero difference, i.e., no chiral effect, is shown in white. The difference image in Figure 6.8a is 
very noisy and does not allow us to identify a clear trend. However, this may be due to the fact 
that we start with noisy images (due to low electron count) already. To reduce the noise in the 
difference image further, we will need more images.  

 

 

Figure 6.7: Photoemission microscopy images acquired with (a) left elliptical polarized (labelled L) 
light and (b) right elliptical polarized light (labelled R). Each image is integrated over 64 laser pulses, 
and no clear difference between L- and R-polarization is visible. Area A marks the area that is 
expected to be achiral, as it was illuminated with the electron beam at 100 eV for 30 s. Area B is taken 
as a large reference area. The intensity histograms of area A and B will be discussed in Figure 6.8d. 

Figure 6.7 shows photoemission images of the sample acquired by illuminating the sample with 
left-polarized light (labeled L, Fig. 6.7a) and with right-polarized light (labeled R, Fig. 6.7b). 
Each image was acquired by integrating 64 laser pulses. There is no clear difference visible 
between the two images. The electron beam imprint, created by exposing the sample to 100 eV 
electrons for 30 seconds, is labeled area A in Figure 6.7a/b. It appears as a bright, elongated 
imprint, and was used to align the optical retardation plates symmetrically, as we assume that 
the chirality of the molecules has been destroyed. Some other bright spots with a dark spot in 
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the center are visible; these are not beam imprints, but bubbles formed during drying of the 
sample.  

 

Figure 6.8: (a) Difference image between one left elliptical polarized and one right elliptical polarized 
image, showing mostly noise as the intensity in each image is low. (b) Difference between all 200 left 
elliptical polarized images and all 200 right elliptical polarized images, showing characteristic streaks 
of areas that are more emissive in R-polarization and areas that are more emissive in L-polarization. 
These large, smoothly transitioning areas do not coincide with the sharp features, like the achiral beam 
damage spot or the scratch, on the sample, indicating that the emissivity difference is related to uneven 
illumination depending on 𝝀𝝀/𝟐𝟐 plate setting. (c) Difference between 132 images in steps of 3, and 
their following images, thus image 1,4,7,.. minus image 2,5,8,… . Thus, there are 66 right-elliptical 
and 66 left-elliptical images in each group, thus polarization effects should even out, as we see in the 
noisy image. (d) Photoemission intensity histograms, separate for right- and left-handed elliptical 
light (L and R), for the areas indicated in Figure 6.7. Area A is a beam imprint used for aligning the 
polarization symmetrically and area B a large average. 

Hence, we recorded 200 left-polarized and 200 right-polarized images like in Figure 6.7, 
illuminated with 64 laser pulses each, always alternating between L and R polarization after 64 
laser pulses, as to minimize the effect of laser intensity drift and sample deterioration over the 
acquisition period of approximately 3 hours. The difference image between these 200 left-
polarized and 200 right-polarized images is shown in Figure 6.8b. This image is less noisy 
indeed and features patches of more photoemissivity at right-handed or left-handed 
polarization, with relative intensity differences of up to 2.5 %.  
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However, these areas mostly have very smooth transitions, like continuous hills and valleys, 
that do not coincide with the features on the sample visible in Figure 6.7. For CISS features, we 
would expect a sharp loss of contrast at the non-chiral, i.e., the scratched and electron beam-
burnt, areas. Only the sharp edges of the horizontal scratches are visible as white lines in Figure 
6.8b, but there is no difference between the scratched area and the surrounding molecules. The 
beam imprint used for aligning polarization falls between a R-dominated and a L-dominated 
area.  

The fact that the difference image has little coincidence with the features of the sample, suggests 
that the polarization difference in different areas is caused by different intensity distribution of 
the incoming light when changing the 𝜆𝜆/2 plate setting. To test that the difference between 
images shown in Figure 6.8b is a result of the different polarizations, instead of different 
intensities, we next regroup the images and take the difference between equally many right-
polarized and left-polarized images. The difference image is shown in Figure 6.8c. Here, we 
have grouped images 1,4,7,… together, thus 66 right and 66 left circularly polarized images 
grouped together, minus images 2,5,8,… , thus again 66 right and 66 left circularly polarized 
images, grouped together. The fact that the resulting difference image only contains noise 
around zero shows, that the difference in Figure 6.8b is related to the different polarization 
settings.  

The mean intensity of the beam imprint area A was extracted for each of the 200 left-polarized 
and 200 right-polarized images and makes up the histograms shown in Figure 6.8d, separated 
for left (L, blue) and right (R, red) circular polarization. The mean of the R- and L-polarized 
histogram is shown with a dashed line in the respective color. In area A, the mean intensity of 
the R- and L-polarized photoemissions coincides, which is not surprising as we used this area 
to align the polarization symmetrically.  

The histogram acquired in the same way on the big, illuminated area, labeled B in Figure 6.7, 
is also shown in Figure 6.8d. The shift towards higher intensity of the histogram in R-polarized 
illumination suggests that photoemission is favored in R-polarization. The mean intensity of 
area B in R-polarization is approximately 1% higher than in L-polarization. However, from the 
different L- and R-polarization favored patches in the integrated difference image Fig. 6.8b, we 
conclude that this majority is ambiguous, as we could have chosen a different spot than area A 
to align the polarization symmetrically and would have gotten a different result. 
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Figure 6.9: More difference images (a,c) of different areas and their histograms (b,d) on the respective 
large areas (K, M) and the beam imprint areas (L, N). The difference images (a,c) were acquired like 
the one on Figure 6.8b, but on different areas. The images show areas around the vertical tweezer tip 
scratch. The streaks caused by uneven illumination in L- and R-polarization show the same pattern 
for all the areas, confirming that they are unrelated to the chiral molecules on the sample. Depending 
on the chosen area, one may get a preference for photoemission in L- or R-polarization, as visible in 
the histograms (b,d). The electron beam spots (L,N) are shifted with respect to Figure 6.7, as the 
sample was moved, deflecting the electron beam. 

The integrated difference images from another two areas (100 R-polarized minus 100 L-
polarized images each) are shown in Figure 6.9a/c, together with their corresponding 
histograms in Figure 6.9b/d, respectively. Both difference images show the same horizontal 
streak pattern, which we attributed to uneven illumination in Figure 6.8. The difference image 
in Figure 6.9c shows an area closer to the edge of the sample. The histograms in Figure 6.9 are 
acquired on the large illuminated areas K/M (like area B in Figure 6.7) and the beam imprint 
areas L/N (comparable to area A in Figure 6.7). The real-space position of the beam imprint 
area is shifted in comparison to Figure 6.7 because of the non-perpendicular electric field lines 
close to the edge of the sample. The area K in Figure 6.9a shows a slight preference for 
photoemission from R-polarized light, while the area M in Figure 6.9c is brighter in L-polarized 
light. Still, both these differences lie within 0.5 %. The difference in the small beam imprint 
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areas (K, M) is not zero anymore, as the electron beam is shifted due to moving the sample and 
the same polarizer angles as in the previous images have been used.  

 

Figure 6.10: Intensity histograms (c-h) on more areas with specific features indicated in the L-
polarization (a) and R- polarization (b) images. In area C, the molecules were scratched off with 
carbon tweezers, whereas area D next to the layer was left untouched. Areas E and F show bubbles 
that formed during incubation of the sample. G and H have no apparent different morphology in the 
photoemission images a/b. However, they happen to be illuminated with different intensity in the 
right- and left-elliptical polarization setting. 

The polarization-dependent histograms of more features that we pointed out in Figure 6.8 are 
shown in Figure 6.10. The areas labeled in Figure 6.10a/b are the horizontal scratch (D) and a 
neighboring area (C), a beam imprint (E), a bubble F, and two neighboring areas that are not 
separated by a visible feature (G and H). Areas G and H have been chosen, as they look like 
parts of the same uniform area in the photoemission images but fall on streaks of different 
majority polarization emission in the difference image (Fig. 6.8b).  
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The histograms of the different areas, shown in Figure 6.10c-h, show how the photoemission 
intensity varies over the sample in real space: From favoring L-polarization in area G, over no 
chiral asymmetry in areas D and E, to favoring R-polarization in the other 3 areas. We note 
again that we attribute the handedness-asymmetry to the differences in illumination, although 
one could arrive at a different conclusion by looking at each of the individual histograms. 
Especially the difference between histograms of areas G and H, which cannot be explained by 
differences in the sample, evokes suspicion.  

In all cases, the differences between the mean intensity of left-handed and right-handed induced 
photoemission we measured are below 1% for each area considered.  

6.2.4 Further calculation of transmitted polarization 
Still, our conclusion above needs some refinement. In an experimental geometry with normal 
incidence of the light, the phase shift of the reflected light does not change light polarization 
due to symmetry, as s- and p-polarization are equivalent/undefined. The larger the incidence 
angle (from the normal) is, the larger the phase shift difference between the s- and p-
polarization [25]. While the photoemission experiments by Ray et al. [1] were conducted with 
the UV light at normal incidence on the sample, in our case the laser beam hits the sample at 
70° from the surface normal. We expect that most electron microscopy setups will suffer from 
similar constraints, as it is crucial to have the electron objective lens aligned straight over the 
sample, thus obstructing the normal light path.  

Although we chose the incident light polarization in our experiments such that its projection on 
the surface yields circularly polarized light, we will now also discuss the polarization of the 
transmitted light after taking the phase shift upon transmission through a metal into account. 
We expect that the transmitted polarization, i.e., right below the gold surface, is decisive for the 
polarization-dependent spin-polarized photoemission from gold.  

For this reason, we calculated the reflected polarization from the incident elliptical polarization 
as applied in our experiment above, using the complex refractive index reported in [13]. The 
sum of the incident and reflected field are shown in Figure 6.11. The blue curve shows the path 
the electric field vector described as it is propagated in time. As the D��⃗  field is continuous at the 
vacuum-gold interface, the transmitted polarization right under the gold surface is proportional 
to the sum of the incident and reflected field.  

The aspect ratio of the minor to the major axis of the polarization ellipse is 𝑟𝑟 = 0.45. When 
projected on the gold surface this ratio is only 𝑟𝑟𝑥𝑥𝑥𝑥 = 0.20, much closer to linear than to circular 
polarization. The elliptical polarization can be expressed as a sum of left- and right-circular 
polarizations with (non-normalized) amplitudes Eright−circ. = 1  and Eleft−circ. = 1 − 𝑟𝑟  (and 
vice-versa for the opposite polarizations). As a result, we expect that the spin-polarization of 
the photoexcited electrons is reduced by (Eright−circ. − Eleft−circ.)/(Eright−circ. + Eleft−circ.) =
𝑟𝑟/(2 − 𝑟𝑟). Thus, for 𝑟𝑟 = 0.45 we expect a reduction factor of the spin-polarization of 0.29 and 
for the ellipticity projected on the gold surface of 𝑟𝑟𝑥𝑥𝑥𝑥 = 0.20 a reduction factor of 0.11.  
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Figure 6.11: Three-dimensional view (a) and top view (b; i.e., projected on the gold surface) 
of the light polarization (electric field vector, blue) at the gold surface. The major/minor axes 
of the ellipse (gray) and the normal (orange) are shown for orientation. The reflected light 
experiences a phase shift difference between s- and p-polarization and is superimposed on 
the incoming light. 

If we assume that the polarization transmitted into the gold surface is decisive for the 
photoemitted spin-polarization, the off-normal light incidence in our experiment diminishes the 
detectable spin population asymmetry by a factor nine, making a CISS-related intensity 
difference of 10% indistinguishable from the spatial variation of incident polarization. This may 
be improved by optimizing the elliptical polarization of the incident light. 

6.3 Conclusions and Recommendations
While the optical polarization is well characterized in our experiment, the quality of the chiral 
layer prevents us from making final claims about the CISS effect in BINAP. Specifically, Ray 
et al. [1] showed that little disorder (1% of the opposite enantiomer) destroys the spin selectivity 
of the sample. Measurements of the flatness of the molecular film and the depth of the scratched 
trench show that we did not have a self-assembled monolayer. To grow better films, more 
elaborate characterization techniques, e.g., ellipsometry, are necessary. When imaging 
polarization-dependent photoemission we recommend having a known-achiral reference area, 
to be contrasted to the signal. 

While we have aligned the polarizers to yield symmetric photoemission on the beam spot on 
the electron-optical axis, the other areas show streak-like asymmetries of up to 1%. These 
asymmetries do not correlate with the features on the sample and are thus attributed to the 
illumination optics. Together with the off-normal incidence, reducing the spin-polarization of 
the electrons photoemitted from the gold surface by up to a factor nine, this asymmetry is 
comparable to the asymmetry in photoemission due to the CISS effect, which is in the order of 
10% as suggested in [5,10] (at normal incidence of circularly polarized light). The effect of 
asymmetric polarization of the incident light may be partially mitigated by patterning achiral 
reference areas on the sample on a length scale much smaller than the streaks seen in the 
illumination. 
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The experiment could be improved by aligning the illumination laser to perpendicular 
incidence, thus removing the asymmetry between s- and p-linearly polarized light. In a LEEM 
setup, this would require aligning the laser beam through the electromagnetic prism and through 
the electromagnetic objective lens. Alternatively, it is more feasible to reach normal light 
incidence by illuminating the sample from the backside. This requires a gold surface grown on 
a transparent, optically isotropic substrate (at UV wavelengths) and polarization-controlled 
illumination from the back of the sample holder. After we conducted the above experiments, a 
back illumination of the sample holder was installed in our LEEM instrument to conduct back-
illuminated PEEM [26]. In the final form of optical near-field electron microscopy 
(ONEM) [27] polarization control will be added to the ESCHER LEEM, fulfilling the 
requirements for new photoemission experiments on chiral organic layers with a more suitable 
illumination geometry.  

We note that spin-dependent low energy electron microscopy (SPLEEM) [28] and angle-
resolved photoemission spectroscopy (ARPES, spin-PES) [29,30] setups are developed, that 
can gain insight into the CISS effect with spatial and angular resolution in the future.  

The variety of measurement techniques that have shown the CISS effect also implies that the 
effect is robust over a large energy scale. While the transport experiments probe the band 
structure around the Fermi energy, the photoemission experiments (together with time-of-flight 
spectroscopy) reveal it up to 2 eV above the vacuum level, i.e., 5 to 8 eV higher. This energy 
scale is in practice limited by the photon energy that can be applied without damaging the 
sample.  

The robustness in applications and the implications for the understanding of biological chiral 
molecules make the study of chirality-induced effects fascinating and worthwhile. Despite the 
large progress in recent years, it still requires efforts from experimental and theoretical side to 
fully understand the CISS effect.  
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