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ABSTRACT: The chirality-induced spin selectivity (CISS)
effect facilitates a paradigm shift for controlling the outcome
and efficiency of spin-dependent chemical reactions, for
example, photoinduced water splitting. While the phenomenon
is established in organic chiral molecules, its emergence in
chiral but inorganic, nonmolecular materials is not yet
understood. Nevertheless, inorganic spin-filtering materials
offer favorable characteristics, such as thermal and chemical
stability, over organic, molecular spin filters. Chiral cupric oxide
(CuO) thin films can spin polarize (photo)electron currents,
and this capability is linked to the occurrence of the CISS effect.
In the present work, chiral CuO films, electrochemically
deposited on partially UV-transparent polycrystalline gold
substrates, were subjected to deep-UV laser pulses, and the average spin polarization of photoelectrons was measured in a
Mott scattering apparatus. By energy resolving the photoelectrons and changing the photoexcitation geometry, the energy
distribution and spin polarization of the photoelectrons originating from the Au substrate could be distinguished from those
arising from the CuO film. The findings reveal that the spin polarization is energy dependent and, furthermore, indicate that
the measured polarization values can be rationalized as a sum of an intrinsic spin polarization in the chiral oxide layer and a
contribution via CISS-related spin filtering of electrons from the Au substrate. The results support efforts toward a rational
design of further spin-selective catalytic oxide materials.
KEYWORDS: CISS, cupric oxide, catalysis, chirality, electron spin, Mott scattering

The electrolysis of water holds promise to provide a
route for the production of hydrogen, which is a
sustainable fuel when generated by electricity from

renewable energy sources, like wind power, photovoltaics, or
direct water splitting by sunlight.1−4 For the latter process, the
overall efficiency of the water-splitting reaction, comprising the
hydrogen evolution reaction (HER) at the cathode and the
oxygen evolution reaction (OER) at the anode, is severely
limited by the high overpotential required for the OER.5

Because molecular oxygen is a triplet species in its ground
state, the overpotential is thought to arise partially from spin
constraints in the formation of the O�O double bond.
Furthermore, the OER at the anode suffers from side reactions,
such as the generation of hydrogen peroxide, which can
degrade the electrode material.

Recent work has demonstrated that the electron spin
provides a means to control and enhance the chemical
selectivity of the electrocatalytic water-splitting reaction.6−10

The OER involves the transfer of four electrons to the anode,
that is, through the catalytic surface of the electrode material,

and the generation of surface-adsorbed radical intermediates
(OH, O, OOH). If the electron current to the anode is spin
polarized, then so must be the intermediate radicals generated
on the catalyst surface. The spin polarization is believed to
favor the formation of triplet oxygen and to suppress the
generation of singlet byproducts, such as hydrogen peroxide.
The initial implementations6−8 of this concept were based on
the chirality-induced spin selectivity (CISS) effect11 in chiral
organic molecule layers that were adsorbed on the electrode
surface. This concept was extended to intrinsically chiral cupric
oxide (CuO)9 and cobalt oxide (CoOx)

10 catalyst materials,
which spin filter electron currents and therefore spin polarize
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intermediate radical species. While these explorative ap-
proaches have proven successful, the origin of the electron
spin polarization in the chiral oxide layers is not yet
understood. Direct electron polarimetry established CISS so
far for helical organic molecules such as DNA,12,13 PNA,14

oligopeptides,15 and helicene.16 To promote the well-targeted
improvement of these catalyst systems, an understanding of the
spin-polarizing mechanism in the chiral oxide layers is
required. This work explores the electron spin selectivity by
spin-resolved photoemission measurements conducted with
chiral CuO thin films that were electrochemically deposited
onto 20 nm thick Au films using a method pioneered by
Switzer et al.17−19 Circular dichroism (CD) spectroscopy is
used to confirm that the electrodeposited oxide films possess a
well-defined chirality, and Mott polarimetry is used to quantify
the spin-polarized photoelectron distributions. Photoelectrons
are generated by UV laser radiation impinging either from the
CuO-coated front or from the substrate (back) side of the UV-
transparent samples. The photoelectron spectra indicate that
the relative numbers of photoelectrons emitted from the CuO
film itself and from the gold substrate depend on the
illumination direction. It is found that, upon changing the
excitation direction, which changes the source of photo-
electrons from either the gold substrate or the chiral CuO film,
the sign of the spin polarization changes. The results provide
further evidence that the spin polarization in the chiral CuO
layer is strongly energy dependent, because backside
illumination yields electrons with higher kinetic energies.
Magnetization curves indicate a weak ferromagnetic behavior
in the chiral oxide layers and therefore suggest that the
measured spin polarization could arise as a sum of the CISS
effect and an intrinsic spin polarization in these layers due to
structurally no longer compensated spins in the usually
antiferromagnetically (AF) ordered CuO or by the Dzyalosh-
insky-Moriya interaction.20,21

RESULTS AND DISCUSSION
Film Deposition and Characterization. While transition

metal oxides are generally achiral, chiral oxide layers can be
grown by the introduction of a chiral bias in the layer
deposition process. Switzer et al. demonstrated the electro-
deposition of chiral copper oxide layers from Cu(II)-ligand
complexes in solution.17,18 The films grown based on this
method exhibit a well-defined oxidation state and crystallo-
graphic texture on both monocrystalline17,18 and polycrystal-
line17,19 substrates. Copper complexes with chiral ligands, such
as tartaric acid, can be employed as chiral precursors to
electrodeposit chiral CuO films.18,22 The sense of the oxide
film’s chirality (“left” vs “right”) is determined by the
enantiomeric form of the ligand, and this enantioselectivity
allows for the generation of films with identical chemical
composition but opposite handedness.

For the present study, CuO films were electrodeposited
from a solution containing chiral Cu(II)-tartrate complexes as
described previously.9 The film thickness as a function of the
electrodeposition time was calibrated by atomic force
microscopy (AFM) line profile measurements. Films with a
thickness ranging from 5 to 40 nm were investigated. The films
were deposited on fused silica slides coated with 20 nm thin
gold films on 3 nm thin titanium adhesion layers. This allows
for UV illumination from both the front (CuO) and back
(substrate) side of the samples and for the acquisition of
optical absorption and circular dichroism spectra. Samples with

CuO layers deposited from complexes containing L-[(R,R)-
(+)-] and D-[(S,S)-(−)-] tartaric acid are labeled as L- and D-
CuO in the following.

The nanometer- to micrometer-scale film quality was
evaluated by AFM measurements. Representative topography
images are shown in section S1 of the Supporting Information.
Consistent with previous scanning electron microscopy (SEM)
studies,9 the films have a crystalline structure. The crystallite
size is comparable to the layer thickness, which gives rise to a
rather high roughness of ∼10 nm at the nanometer scale. The
topography is independent of the film’s chirality. On the
micrometer scale, the films are mostly continuous but,
nevertheless, exhibit defects and inhomogeneities.
Copper Oxidation State. X-ray photoelectron spectros-

copy (XPS) of the Cu 2p peak region allows one to determine
the oxidation state of Cu in the film. A representative example
is given in Figure 1. The chemical shift of the Cu 2p3/2 peak at

Eb = 933 eV differs between CuO (i.e., Cu2+) and Cu2O (Cu+)
by ∼1.5 eV.23 Multiplet broadening is only observed in the
case of CuO, and the satellite peaks around Eb ≈ 940 to 945
and 963 eV, arising from shakeups of the 3d9 state of Cu2+, are
not present in Cu2O.24 Therefore, the observed spectra can
unambiguously be assigned to originate from CuO. Survey
spectra can be found in section S2 of the Supporting
Information. Further high-resolution XPS spectra obtained
from several oxide films were acquired in order to analyze for
possible ferromagnetic contaminations from cobalt, iron,
nickel, chromium, or manganese. Using both XPS and time-
of-flight secondary ion mass spectroscopy (ToF-SIMS), no
evidence of ferromagnetic contamination was found (see the
Supporting Information, sections S2 and S3, for more detail).
Further, no carbon residues from the organic seed precursor
were detected in the film with either method after the
preparation was finished by final heating.
Film Chirality. While the film deposition method

employed here was unambiguously shown to generate chiral
oxide films, the nature of this chirality is the subject of ongoing
research. The means through which surfaces of materials with
an achiral bulk structure (e.g., face-centered cubic (fcc) and
body-centered cubic (bcc) lattices) can be rendered chiral
were previously presented by Gellman.25 Notably, surfaces of
these materials with higher Miller indices (hkl) with h ≠ k, k ≠

Figure 1. An XPS spectrum of the Cu 2p peak region, acquired on
a 40 nm oxide thin film, is shown. At binding energies of 940−945
eV and at 963 eV two satellite peaks to the Cu 2p3/2 and 2p1/2
peaks, respectively, appear, which are indicative of CuO and
absent for Cu2O.
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l, l ≠ h, and h × k × l ≠ 0 can exhibit step edges with low
symmetry that make the surfaces intrinsically chiral.26 CuO has
a monoclinic structure; that is, exactly one angle between the
lattice vectors deviates from 90° and induces a screw symmetry
along the b-axis [010]. Planes that are parallel to this axis are
achiral, and those with k ≠ 0 are chiral.27 The chirality of the
CuO layers is, besides optical CD measurements, predom-
inantly established through X-ray diffraction (XRD)18,22 and
X-ray photoelectron diffraction (XPD)22 measurements. These
studies showed that the chiral CuO films have textures in
which chiral planes are preferentially exposed along the sample
surface plane. More specifically, the oxygen atoms in the CuO
lattice structure can occupy two nonequivalent positions.22

The XPD measurements, which are sensitive only to the
topmost surface layers, reveal that the surface chirality is
determined by which of these oxygen atoms terminate the
surface. Switzer et al. also demonstrated that the chiral films
can act as enantioselective catalysts.17 Recent transmission
electron microscopy (TEM) studies of similar compounds by
Bai et al. furthermore indicate that the bulk crystal structure of
the investigated nickel and iron oxide films is chirally
distorted.28,29

To confirm that the films investigated in this study are chiral
as expected, transmission circular dichroism (CD) spectra were
acquired from each sample prior to the photoemission
measurements. Figure 2a shows representative CD spectra
measured on 40 nm CuO thin films of both L and D chirality.
The spectra show a CD of up to 80 mdeg and confirm that the
films are indeed chiral. The CD spectra of the L and D films
are, to a good approximation, mirror images of one another,
indicating that the films deposited from complexes with L- and
D-tartaric acid have opposite chirality. The CD magnitudes at
the various peak wavelengths are shown in Figure 2b as a
function of the film thickness. A systematic increase of the CD
magnitude with the film thickness is observed, which suggests
that the chirality is retained throughout the entire layer
thickness. This supports the notion of a chiral bulk structure,
that is, a chirally distorted atomic lattice. The energetic
positions of the spectral peaks (Figure 2a) do not shift with the
film thickness.
Electronic Structure. Despite its relevance for high-

temperature superconductivity, the electronic structure of
CuO, in contrast to Cu2O, is still not fully elucidated.
Theoretical band structure calculations deviate more strongly
from experimentally obtained results for CuO than is the case
for Cu2O, and this may result from strong electron−electron

correlation effects near the valence band edge (VBE).30,31 For
very thin films, additional deviations from the bulk structure
are possible, for example, due to (quantum) confinement
effects or depending on a local film texture.

For initial characterization, baseline-corrected absorption
spectra in the UV−vis−IR region were acquired. The data can
be found in section S4 of the Supporting Information. At λ =
213 nm, the absorption coefficient is α = 3 × 105 cm−1,
corresponding to a 1/e penetration depth of ∼30 nm. Figure
S6b,c shows Tauc plots that indicate the position of the main
absorption edges. The direct and indirect band gaps are
identified at ΔEdir = 3.08 eV and ΔEind = 1.20 eV, respectively.
The nature of the low-energy band gap is still under debate.32

The higher-energy edge matches the position of the main
peaks at λ = 410 nm in the CD spectra. The electronic
structure of the samples was further characterized by He I
ultraviolet photoelectron spectroscopy (UPS) measurements33

of both a 200 nm CuO thin film and the bare gold substrate.
An energy level diagram derived from these data is shown in
Figure 3. The work function of the 20 nm gold substrate is
determined to be ΦAu = 4.65 eV. This value is reduced
compared to the work function of bulk gold because of the low
film thickness, consistent with literature values.34 The work
function of the CuO sample is determined to be ΦCuO = 4.61
eV, and the VBE of CuO is located 0.34 eV below the Fermi

Figure 2. CD spectra measured on 40 nm CuO thin films of either handedness (a) and the CD magnitude at different wavelengths as a
function of the film thickness (b).

Figure 3. Energy scheme of the Au/CuO samples, determined
from He I photoelectron spectra of a 200 nm CuO sample, and a
bare gold substrate. Note that ΧCuO is the electron affinity of CuO
and that Eion is the position of the valence band edge relative to the
Fermi level EF. A very slight shift ΔΦ of the vacuum level is
measured. The other energies are specified in the text.
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level; that is, VBE = ΦCuO + Eion ≈ 4.95 eV. Indeed, copper
vacancies make cupric oxide an intrinsic p-type semi-
conductor.35 The VBE position is higher than in bulk samples,
where VBE = 5.4 eV,36 but consistent with reports for CuO
thin films.25 Similar values were obtained from UPS spectra of
30 nm thin CuO films.
Spin Polarization Measurements. The spin polarization

of photoelectrons emitted from the samples was measured in a
Mott scattering apparatus, illustrated in Figure 4a, and
described previously.9 Photoelectrons are excited by laser
pulses at λ = 213 nm (hν = 5.83 eV) with a pulse duration of
200 ps and at a repetition rate of 20 kHz. The light impinges
on the samples along the surface normal, perpendicular to the

surface plane, and the photoelectrons are as well collected
along the surface normal. In the experimental geometry used,
the spin polarization along the surface normal of the samples is
measured. Throughout the measurement procedure, the
polarization of the laser light is interchanged from s-linear to
clockwise (cw) and counterclockwise (ccw) circular by the
rotation of a quarter-wave plate (QWP). At each position of
the QWP, about 104 electrons are collected. After a full QWP
rotation, the measurement position is interchanged between
the sample and a polycrystalline gold substrate without an
oxide layer, mounted directly beneath the sample. The
polycrystalline gold emits unpolarized electrons upon
excitation with linearly polarized light and is used to correct
for instrumental asymmetries.

In Figure 4b, the results from our previously published spin-
resolved photoemission study9 on chiral CuO layers are
shown, where the illumination occurred from the front (CuO)
side of the sample. Each data point comprises ∼100 single
measurements, that is, ∼106 measured electrons. From samples
coated with 5−50 nm thin CuO films, photoelectrons with an
average spin polarization of up to P = −10 to −12% are
emitted upon excitation with linearly polarized laser pulses at λ
= 213 nm. These values were obtained from L-CuO films. The
negative sign corresponds to electrons whose spin is aligned
antiparallel to the electron momentum, that is, antiparallel to
the surface normal of the sample. The values measured on D-
CuO layers, that is, on layers with opposite chirality, on
average show a spin polarization with the opposite sign of
polarization, albeit at less significant values. The smaller
magnitude of the spin polarization in these samples is the
subject of further investigations, and we focus on the L-CuO
samples in this study. However, the correct calibration of the
Mott polarimeter was carefully confirmed prior and subsequent
to each individual spin polarization measurement. The data
include many samples, and L and D samples were measured in
random order. Thus, a systematic error in the spin polarization
toward negative values seems to be unlikely. This asymmetry of
the spin polarization values is therefore a property of the chiral
CuO films. In Figure 4c, results of additional spin polarization
measurements on 5−40 nm thick L-CuO layers are shown.
Filled diamond symbols correspond to measurements in which
the sample was irradiated from the CuO-coated front side in
technically identical measurements as shown in Figure 4b.
Multiple data points at each thickness correspond to spin
polarization measurements on different positions of the sample
surface. With an uncertainty ΔP = σ/√n of up to ΔP = ± 1.9%
points, the standard deviation σ normalized to the number of
measurements n, shown in the shaded area, reveals a
considerable spread of the results on most samples. We
previously considered only the maximum values on each
sample, as reduced values are most likely due to inhomoge-
neities and defects on the surface and hence do not reflect the
true spin polarization capacity of the samples. The spin
polarization values shown in Figure 4b,c are consistent with
one another.

Further measurements were conducted with the laser
impinging on the back side of the sample, as illustrated in
the inset of Figure 4c, and the results of these measurements
are shown as open diamond symbols. We note that the same
samples and the same surface areas were studied as for front
side illumination, within the positioning accuracy of the 300
μm diameter of the laser beam. Because the substrate is UV-
transparent fused silica, most (∼80%) of the light is absorbed

Figure 4. (a) Simplified scheme of the Mott scattering setup. (b)
Spin polarization measured upon front side excitation with linearly
polarized light for L- and D-CuO films.9 (c) Further, technically
identical measurements (full symbols) and measurements with the
laser impinging on the back side of the partially UV-transparent
samples (empty symbols). Note that the plots in (b, c) have
different scales for their horizontal axes. The red-shaded areas
indicate the standard deviation σ/√n, normalized to the number n
of individual measurements. In Figure 4c, only one data point is
available for 5 nm thin films; here, the uncertainty of the single
measurement is indicated. Figure 4b reprinted with permission
from ref 9. Copyright 2019 American Chemical Society.
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in the gold layer underneath the CuO films. Further, the CuO
film thickness is in the range of the electron mean free path
(MFP). Hence the relative amount of the photoelectrons
originating in the gold layer, instead of the CuO film, is
expected to be significantly increased for these measurements
as compared to front side illumination. As with front side
illumination, no significant spin polarization is obtained from
the 5 nm thin CuO films, and the highest polarization of P ≈
+10% is obtained from the 10 nm thick films. Notably, the sign
of the spin polarization is positive upon irradiation from the
back side; that is, the electrons spins are, on average, aligned
parallel to the electron momentum, in contrast to the
illumination from the front side. For the 40 nm thick film,
however, a negative polarization is measured independently of
the direction of illumination. To understand these results, the
origin of the photoelectrons excited from both the front and
back sides of the samples is discussed in the following.
Origin of the Photoelectrons. The inelastic MFP of

electrons traveling through the nonmolecular solid follows a
general empirical dependency on the electron energy.37 This
dependency reflects the energy-dependent cross sections of
different excitation processes, such as the generation of
phonons, plasmons, or electron−hole pairs. On the basis of
the work function of the CuO samples and the employed laser
photon energy, the electrons that are measured in the present
work have energies of E − EF ≈ 4.6−5.8 eV with respect to the
Fermi level. The MFP at these energies is in the range of 4−8
nm, on the order of the film thickness. Hence, a careful analysis
of the electron’s origin for the different measurements is
conducted below.
Intrinsic Spin Polarization. In materials with significant

intrinsic spin−orbit coupling, the spin degeneracies in the
valence band are lifted, and electrons can be excited into
specific final spin states. In the present experimental geometry
both light irradiation and electron emission occur along the
surface normal. In this highly symmetric configuration and
with centrosymmetric surfaces, such as the (111) surface of
metals with an fcc crystal lattice (e.g., gold), unpolarized
electrons are emitted upon irradiation with unpolarized or
linearly polarized light. Circularly or elliptically polarized light
excites spin-polarized electrons,38−40 and the sign of the spin
polarization is reversed due to symmetry constraints if the
direction of the photon’s circular polarization, clockwise or
counterclockwise, is reversed, that is, Pcw = −Pccw. As a
manifestation of the spin-split band structure of the material,

this spin polarization is material specific. Because the
polarization of the incident laser light was interchanged
between s-linear, cw, and ccw circular throughout the spin
polarization measurement procedure, these data provide the
initial evidence that irradiation of the samples from the front
side predominately generates photoelectrons from the CuO
film rather than from the gold substrate underneath it.

Figure 5a shows the spin polarization difference (Pcw − Pccw)
upon excitation with circularly polarized light impinging on the
front side of the samples. The data points at d = 0 nm (orange)
are measured on a bare polycrystalline gold substrate, from
which an average differential polarization of (Pcw − Pccw) ≈
(6.8 ± 0.5)% is observed in this excitation geometry. The
deviations of the single measurements from the mean value
reflect variations in the local crystallinity of the surface. At the
other extreme of the thickness range, on 200 and 210 nm thick
CuO films, the electron MFP of 4−8 nm and the light
penetration depth of ∼30 nm in CuO imply that all of the
detected photoelectrons originate from the CuO layer. These
samples are therefore used as a CuO reference. On these
samples, a differential polarization of (Pcw − Pccw) ≈ −3% is
measured upon excitation from the front side.

For 5 nm thin CuO films the polarization values are mostly
comparable to the values measured at the bare Au substrate,
which suggests that the electrons are mostly excited in the gold
layer. For a film thickness of d = 10 nm and larger, the spin
polarization values consistently and significantly deviate from
what is measured on gold and closely resemble the polarization
measured on the CuO reference samples. The broader
distribution of the individual results suggests that the layers
are laterally inhomogeneous over the sample surface area. The
average photoelectron spin polarization, however, does not
change with the CuO film thickness. Thus, for CuO films with
a thickness of 10 nm or more, the detected photoelectrons
originate predominantly from the oxide film rather than from
the gold substrate, when the samples are irradiated from the
front side. In Figure 5b the results of identical measurements
performed with excitation from the sample back side are
shown. Changing from front to back side illumination reverses
the k vector of the laser light with respect to the spin
quantization axis. Because the sense of the circular polarization
is defined with respect to the k vector of the light, changing the
illumination direction interchanges cw and ccw polarization
relative to the space-fixed spin quantization axis. Consequently,
upon excitation from the back side, the gold substrates emit

Figure 5. Differential spin polarization measured upon excitation with cw and ccw circularly polarized light impinging on either the front (a)
or back (b) side of the samples. The standard deviation σ/√n, normalized to the number n of individual measurements, is indicated by the
red-shaded area. The light blue lines are a guide; overlapping points are offset for clarity. The same sample areas were studied in (a, b).
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electrons with the reversed average differential spin polar-
ization, (Pcw − Pccw) = (−4.4 ± 0.3)%. In contrast to the
observations for front side illumination, the differential
electron spin polarization now increases until a CuO film
thickness of ∼40 nm. While for front side illumination the 10
nm thick CuO film already gives rise to the same polarization
value as the CuO reference, the polarization values obtained
with back side illumination are distributed in a range
intermediate between what is measured on the gold and the
CuO references. In the case of front side illumination, the
maximum polarization values are constant from 10 nm
thickness on, while in the case of back side illumination they
reach the maximum value only at a thickness of 40 nm. These
observations support the notion that, for back side illumination
of the samples, the observed photoelectrons originate
predominantly from gold, albeit with a contribution from the
CuO layers.
Energy Considerations. The conclusions drawn from the

differential spin polarization are corroborated by time-of-flight
(ToF) UPS spectra acquired with radiation at λ = 213 nm, as
used for the spin analysis. These spectra provide the electron
energy distribution over which the spin polarization is
averaged. In Figure 6a photoelectron spectra obtained from
the bare thin-film gold substrates are shown. The dashed and
solid orange lines denote photoelectrons from Au via front side
and back side illumination, respectively, with the latter further
highlighted by the yellow area in the graph. Here, the energy
distribution of the photoelectrons and the sample work
function are independent of the laser excitation direction.
From the position of the Fermi edge at Ekin ≈ 1.07 eV, a work
function of ΦAu ≈ 4.76 eV is calculated, which, with a small
deviation, matches the value of ΦAu = 4.65 eV determined
above by He I UPS. Also shown in Figure 6a is the spectrum
measured on a 200 nm thick CuO film excited from the front
side, as a blue line and blue-shaded area. At this thickness, all
photoelectrons arise from the oxide layer. The maximum
kinetic energy Ekin = hv − VBE ≈ 0.82 eV indicates that the
VBE is located 5.0 eV below the vacuum level, consistent with
the value determined from the He I spectra (Figure 3).
Because the work functions of both materials are similar, the
difference in the maximum kinetic energies in the gold and
oxide spectra reflects mostly the position of the VBE below the
Fermi level.

Figure 6b shows spectra acquired on a sample with a 10 nm
thick CuO film. The gold and CuO reference spectra shown in
Figure 6a are replicated as shaded areas for comparison. On
this sample, the maximum kinetic energies match well the
value found on the bare gold film, but the shape of the spectra
has changed. It can be described as a composite of the Au and

CuO spectra in panel (a). On the basis of the VBE of the CuO
layer and the work function of the pure gold film, electrons
with kinetic energies in the range of Ekin = 0.0−0.8 eV arise
from both the gold and the oxide film, while electrons with
higher energies of up to Ekin = 1.23 eV arise solely from the
gold substrate.

The front side illumination spectra exhibit pronounced
secondary electron signals at low kinetic energies. (Note that
the samples were neither heated nor sputtered to avoid
impairing the chiral layer structure.) The secondary electron
signal varies between the individual measurements, which
hampers an exact quantification of the Au and CuO
contributions in the spectra. However, the Au/CuO ratio in
the photoelectron signal is significantly larger for back side
than for front side illumination. To obtain an estimate of the
electron yield from either layer, the gold reference spectrum
was scaled to match the higher-energy parts of the spectra from
the 10 nm thick CuO film; see section S5 in the Supporting
Information. The total photoelectron signal from the gold layer
is quantified by integration over these scaled gold spectra. For
each illumination direction, the area underneath the scaled
gold spectrum is subtracted from the area underneath the
CuO/Au spectrum; the difference is assumed to correspond to
the photoelectron signal from the CuO layers. The ratios of the
spectral areas indicate that, for front side illumination, the
electron signal from the 10 nm thick CuO layer is ∼4 times
higher than the signal from the gold layer. For back side
illumination, the ratio is roughly reversed, that is, only one-
quarter of the photoelectrons is emitted from the oxide layer.

The spin polarization measurements shown in Figure 4c
demonstrate that the sign of the spin polarization becomes
independent of the direction of illumination at a CuO layer
thickness of 40 nm. The photoemission spectra measured on
this sample are shown in Figure 6c. In contrast to the thinner
films, the maximum kinetic energy for the 40 nm CuO films is
as well independent of the direction of illumination and
corresponds to the value found in the reference CuO
spectrum. The data therefore indicate that the contribution
of electrons originating in the gold layer to the signal is
negligible in oxide layers with a thickness of 40 nm, or larger.
Origin of the Photoelectron Spin Polarization. The

ability of chiral oxide films to spin filter electron currents was
reported previously for chiral CuO9 and, indirectly, for chiral
CoOx

10 layers, and those findings were interpreted as a
manifestation of the CISS effect. This more comprehensive
study of the photoelectron spectra and spin polarization
measurements indicates that the observed spin polarization
depends on the electron kinetic energy and the material from
which the electrons originate. In agreement with the earlier

Figure 6. UV photoelectron spectra, acquired with the laser irradiating the samples at λ = 213 nm either from the front (labeled “F”) or back
(labeled “B”) side. Shown are (a) reference spectra from a from a 200 nm thick CuO layer and the bare gold substrate and spectra from
samples with (b) 10 nm and (c) 40 nm thick CuO films.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c02709
ACS Nano 2022, 16, 12145−12155

12150

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c02709/suppl_file/nn2c02709_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02709?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02709?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02709?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c02709?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c02709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


study, the electrons arising from the gold layer underneath the
oxide as well as from a finite depth in the oxide layer itself
appear to be spin filtered during the transmission through the
chiral oxide. As shown in Figure 4a, the spin polarization is
correlated with the film chirality; this observation strongly
supports the interpretation as a CISS-based phenomenon.
Indeed, there is growing evidence for the occurrence of CISS
in inorganic solids.10,41−43 In addition to the spin filtering
effect, however, photoelectrons generated directly from the
CuO itself contribute significantly to the spin polarization, vide
infra, which suggests the presence of an additional polarization
mechanism in the oxide layer, distinct from the spin filtering.
We elaborate on this interpretation in the following section.

The photoelectron spectra presented in Figure 6b,c can be
understood as composites of the spectra of the bare gold and
pure CuO. The lower-energy electrons (Ekin < 0.8 eV) are
emitted predominantly from the CuO layer, while the higher-
energy electrons (Ekin > 0.8 eV) originate solely from the gold.
On the basis of this interpretation, the ratio of the electrons
emitted from either material depends on both the oxide layer
thickness and the direction of illumination. The fraction of
electrons emitted from the gold layer is higher for thinner
oxide layers and illumination from the back side. Figure 6c
indicates that no photoelectrons from the gold layer are
detected on a sample with a 40 nm thick oxide film.

As Figure 4c reveals, the sign of the spin polarization
changes with the CuO film thickness and the photoexcitation
geometry; this dependence correlates with the changes in the
photoelectron kinetic energy distributions as a function of the
photoexcitation geometry and the CuO thickness. The spin
polarization is positive for back side illumination and an oxide
film thickness below 40 nm. For back side illumination and
thicker films as well as upon front side illumination, a negative
spin polarization is found. These correlations between the data
sets suggest that, for L-CuO samples, the photoelectrons
originating directly from the CuO are negatively polarized,
while the (higher-energy) photoelectrons originating from the
Au are positively polarized. The relative numbers of photo-
electrons from either layer suggests that the electrons
originating from the Au exhibit a similar magnitude of
polarization as those from CuO. However, the high fraction
of secondary electrons in the lower-energy interval is expected
to reduce the average spin polarization if the spins depolarize
during the scattering events, which yield the secondary
electrons. At higher energies, the relative number of secondary
electrons is significantly lower, which suggests that the spin
polarization in the lower-energy interval, that is, of the
electrons originating predominantly in the CuO film, is initially
larger than the polarization of the higher-energy electrons
emitted solely from the Au film. Because linearly polarized UV

light is employed, the electrons originally emitted from the Au
substrate are unpolarized and must become spin polarized as
they transit through the chiral structure of the CuO film. That
is, they are spin filtered by the CISS effect. With respect to the
Fermi level, the electrons from the CuO and Au layers have
energies of 4.6−5.4 eV and up to 5.8 eV, respectively. A strong
energy dependence of the spin filtering, including changes in
sign on a scale of a few 100 meV, is consistent with the
predictions of various model calculations,44−47 albeit such
calculations are currently only available for molecular spin-
filtering systems. The correlation between the electron kinetic
energy distributions and the measured average spin polar-
ization could hence reflect the energy dependence of the CISS
effect.

Apart from a CISS-related spin filtering effect, however, the
measured spin polarization shows a contribution from a
distinct second mechanism, where the electrons emitted from
the CuO are intrinsically spin polarized. Given that the spin-
polarized photoelectron distribution arises from a pure CISS-
related spin filtering effect for photoelectrons originating from
the Au (and inner layers of CuO) and an intrinsic spin
polarization for the photoelectrons originating the CuO layer,
what causes the intrinsic spin polarization in the chiral CuO?
In CuO, with Cu(II), one d electron is unpaired,48 and cupric
oxide is antiferromagnetic below a Neél temperature of ∼230
K.49 Above this temperature, the copper and oxygen atoms are
thought to form one-dimensional antiferromagnetic chains in
the [101] direction.48,50 The strength of the exchange term,
which could induce long-range magnetic order, depends on the
Cu−O−Cu bond angle.49 We hypothesize that a chiral
distortion of the atomic lattice could prevent the compensation
of the magnetic moments of the magnetic sublattices and
introduce ferrimagnetic behavior. Similarly, a Dzyaloshinsky-
Moriya interaction,20,21 arising from the asymmetrically
distorted chiral CuO lattice,25,26 may lead to a not fully
compensated antiferromagnetic order.
Magnetics. To examine the magnetic properties of the

chiral CuO thin films, magnetization curves were acquired with
a vibrating sample magnetometer (VSM). Results of these
measurements are shown in Figure 7. The M(H) curves were
recorded at temperatures of 4.3 and 300 K and up to maximum
fields of ±9 T. A measurement at T = 300 K on a sample with
an achiral 200 nm thick CuO film, shown in Figure 7a, reveals
purely diamagnetic behavior, consistent with the negative
susceptibility of the Au and quartz substrate materials. No
deviations that would indicate the presence of a ferromagnetic
contaminant are evident. In contrast, a magnetization curve
measured on a sample with a chiral, 200 nm thick L-CuO layer
shown in Figure 7b exhibits paramagnetic behavior and a
distinct, albeit small, magnetization hysteresis, indicative of

Figure 7. Magnetization curves at T = 300 K of a sample with an achiral 200 nm thick CuO film (a) and a 200 nm thick L-CuO film before
(b) and after (c) subtraction of the diamagnetic substrate signal. (d) Hysteresis at T = 4.3 K (blue) and 300 K (red) on an enlarged scale.
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ferromagnetic behavior. These signals are superimposed on the
diamagnetic substrate signal. Figure 7c shows the sample curve
after subtraction of the diamagnetic background (−3.9 × 10−3

Am2/(kgT)) of the sample, representing only the paramagnetic
signal and the ferromagnetic hysteresis of the oxide layer. From
these data, a saturation magnetization of ∼6.3 × 10−4 Am2/kg
at 0.5 T is determined. This value corresponds to a magnetic
moment of ∼1.3 × 10−2 Bohr magnetons per copper atom.
Figure 7d shows a close-up view of the same data, along with
corresponding data acquired at 4.3 K. The curves exhibit
asymmetric zero-field magnetization values of 0.3 × 10−4 Am2/
kg and −0.9 × 10−4 Am2/kg at 300 K and ∼0.6 × 10−4 Am2/kg
and −1.6 × 10−4 Am2/kg at 4.3 K. An average coercive field
strength of ∼5 mT is determined at 300 K, which increases to
9 mT at 4.3 K. Because of the ultrathin film thickness, the
absolute oxide amount in the samples is low. To assign the
ferromagnetic behavior to the oxide layer, a possible
contamination with ferromagnetic elements was assessed
through high-resolution XPS spectra acquired in the 2p peak
regions of the ferromagnetic elements Cr, Mn, Fe, Co, and Ni.
On the basis of these data, contamination above the XPS
detection threshold of ∼0.1 atom % in the probed surface
layers (up to several nanometers depth) was ruled out.
Subsequently, time-of-flight secondary ion mass spectra (ToF-
SIMS) were acquired, probing the entire layer thickness, which
did not reveal any ferromagnetic contamination either; see
section S3 in the Supporting Information. Ferromagnetic
behavior of transition metal oxides is discussed in the literature
as a consequence of oxygen vacancies and interfacial
effects.51−58

The finding of these hitherto rather explorative measure-
ments is that the chiral CuO layers, in contrast to their achiral
counterparts, can exhibit ferrimagnetic behavior. It supports
the hypothesis that the energy dependence of the measured
spin polarization reflects an interplay of CISS and a
magnetization in the material rather than solely the energy
dependence of the CISS effect. The origin of the magnetization
of the CuO layers is not yet identified. The chiral CuO films
were shown to have textures that preferentially expose chiral
planes along the sample surface;17,18,22 all chiral planes have
Miller indices (hkl) with k ≠ 0.27 The copper atoms in the
oxide form one-dimensional antiferromagnetic chains along the
[101] direction.48,50 Since k = 0, this orientation cannot be
exactly perpendicular to any chiral plane. We argue that the
atomic lattice of the CuO films is chirally distorted, consistent
with findings by Widmer et al.22 using XPD and by Bai et
al.28,29 using a TEM analysis. The observed monotonous
increase of the CD magnitude with the film thickness (Figure
2b) supports this argument. We hypothesize that the chiral,
stressed lattice exhibits a canted spin order,59 which introduces
a magnetic moment with a fixed orientation within the crystal
lattice that is perpendicular to the direction of the AF ordering.
As mentioned above, the direction of the AF ordering is never
exactly perpendicular to the preferentially exposed chiral
planes. Therefore, even though the plane in which the
magnetic moment induced by the spin canting lies is not
known, the magnetic moment will generally have a component
perpendicular to the chiral planes. Simultaneously, the film
textures imply that most CuO crystallites have the same out-of-
plane orientation. The spin canting-induced magnetic mo-
ments thus have nonzero components perpendicular to the
sample surface, and these components do not cancel out even

if the in-plane (azimuthal) orientation of the crystallites is
random; see section S6 of the Supporting Information.

Testing this hypothesis will require further experimental
investigations, beyond the scope of the present study.
Employing energy-resolved spin polarization measurements,
the contribution of the bulk CuO can be singled out when
well-defined magnetizations of the samples are related to the
spin polarization of emitted photoelectrons. However, the
asymmetric remanent magnetization values evident in Figure
7d are consistent with a magnetization bias introduced by the
proposed mechanism. A chirality-induced magnetization
switching of ferromagnets, which would manifest itself similarly
in a shifted zero-field magnetization, was recently observed by
Paltiel and co-workers after adsorption of α-helix polyalanine
on a cobalt substrate.60,61 This effect was attributed to a charge
polarization upon adsorption of the molecules that is
accompanied by a spin polarization along the molecules.62

SUMMARY AND OUTLOOK
In conclusion, cupric oxide thin films electrodeposited on
polycrystalline Au film electrodes from a solution of Cu2+/
tartaric acid were shown to exhibit strong circular dichroism
that depends on the enantiomeric form of the tartaric acid in
solution. The chiral CuO films were studied by Mott
polarimetry and magnetometry. By controlling both the
illumination direction and the oxide film thickness, the relative
number of photoelectrons originating from the gold substrate
and from the copper oxide layer could be distinguished.
Analysis of the photoelectron spectra and the spin polarization
measurements indicates that the spin polarization of photo-
electrons emitted from the Au/CuO layer system depends on
the origin of the photoelectrons. The analysis shows that the
photoelectrons originating from the gold substrate are spin
filtered by the chiral oxide layers, as a manifestation of the
CISS effect. The energy dependence of the spin filtering is
consistent with theoretical considerations of models of helical
organic systems43,46 and helical minimal models.45 Beyond this
notion, the measured spin polarization values could be
rationalized as a sum of two contributions by assuming that
photoelectrons emitted from the oxide layer are intrinsically
spin polarized. We hypothesize that the chiral modification of
the oxides lifts the antiferromagnetic compensation of the
magnetic moments of the unpaired copper d electrons and
introduces ferrimagnetic behavior. Indeed, a weak magnet-
ization hysteresis was evident in VSM measurements, which
could not be related to a possible ferromagnetic contamination
of the samples. The definitive determination of the nature of
these mechanisms will require quantitative knowledge about
the energy dependence of the spin polarization, and it is a
subject of future investigations.

METHODS
Film Deposition. The film deposition procedure, as adopted from

Switzer et al.,17−19 was described previously.9 For the electro-
deposition a PAR model 173 galvanostat was used. The reference and
counter electrode consisted of an Ag/AgCl electrode and a Pt foil,
respectively. The Au substrates acted as the working electrode. The
electrodeposition solution comprised 0.2 M CuSO4 (≥98.0%, EM
Science) and 0.2 M L-tartaric acid (≥99.5%, Sigma-Aldrich) or D-
tartaric acid (≥99.0%, Sigma-Aldrich) in 3 M NaOH. The current
density controlled at the working electrode was 0.5 mA/cm2.
Depending on the desired film thickness, the deposition time was
varied between 10 min and 1 h. After the deposition procedure, all
samples were baked at 450 °C for 1 h to ensure the complete
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oxidation of the films from Cu2O to CuO and remove any organic
residues.
XPS Measurements. XPS measurements were performed on a

Kratos Axis Ultra system using monochromatized Al Kα radiation at
hν = 1486.6 eV. The binding energy scale was calibrated to the Fermi
edge and the C 1s peak at 284.8 eV.
He(I) UPS Measurements. The He(I) UPS measurements were

conducted emloying He(I) radiation at hν = 21.22 eV and a SPECS
Phoibos 150 hemispherical analyzer. Throughout the measurements, a
sample bias of −4.0 V was applied.
213 nm UPS Measurements. Ultraviolet photoelectron spectra

were acquired employing the same laser radiation as used for the spin
polarization measurements and inside the same UHV chamber. In
contrast to these measurements, the laser impinged onto the sample
surface under an angle of 60° with respect to the surface normal. The
electrons were detected around the surface normal. Energy resolution
was achieved using a 400 mm long time-of-flight tube; the electrons
were registered by a microchannel plate detector.
Absorption and CD Measurements. UV−Vis absorption

measurements were performed using a Jasco V-770 absorption
spectrometer at a measurement speed of 100 nm/min and with both
step size and bandwidth set to 1 nm. For the optical CD
measurements a Jasco J-815 CD spectrometer was used. The data
were recorded at 100 nm/min and with a pitch of 0.2 nm and an
integration time of 1 s. The CD specta were each averaged over three
runs. In each case, the sample was mounted on a custom-designed
sample holder in which the samples were oriented perpendicularly to
the light direction. The sample holder included an aperture of
approximately 2 × 4 mm2, exposing only the oxide-coated surface area
to the light. All optical measurements were corrected for a baseline
measurement on a bare quartz/Au substrate sample.
Spin Polarization Measurements. The spin polarization of

photoelectrons emitted from the samples was measured in a Mott
scattering apparatus, illustrated in Figure 4a. As described previously,9

photoelectrons are excited by laser pulses at λ = 213 nm (hν = 5.83
eV) with a pulse duration of 200 ps and at a repetition rate of 20 kHz.
The light impinges on the samples along the surface normal,
perpendicular to the surface plane, and the photoelectrons are as well
collected along the surface normal. Electron optics guide the electrons
toward a scattering target that is set to a potential of +50 kV,
accelerating the electrons to weakly relativistic energies. Two
detectors placed symmetrically around the incident electron beam
at angles of ±120° register electrons that are backscattered from the
target. Because of the high scattering energy, the nuclei of the
scattering target, which consists of a 70 nm thin gold foil, generate a
magnetic field in the rest frame of the electrons and introduce a spin-
dependent term into the scattering potential. The intensity asymmetry
A = (Iu − Il)/(Iu + Il) in the number of electrons Iu and Il scattered
into the upper and lower detectors, respectively, is therefore a
measure of the average spin polarization of the emitted photo-
electrons. The spin polarization P is connected with this asymmetry A
via the analyzing power or Sherman function S of the Au scattering
foil by P = A/S. Because the scattering cross section only depends on
the projection of the spin onto the direction of the magnetic field, the
electron optics include an element to bend the electron beam by 90°,
converting an initially longitudinal spin polarization into a transverse
polarization prior to the Mott scattering process. This means that the
spin polarization along the surface normal of the samples is measured
in the present configuration. Throughout the measurement
procedure, the polarization of the laser light is interchanged from s-
linear to clockwise and counterclockwise circular by rotation of a
quarter-wave plate (QWP). At each position of the QWP, ∼104

electrons are collected. After a full QWP rotation, the measurement
position is interchanged between the sample and a polycrystalline
gold substrate without an oxide layer mounted directly beneath the
sample. The polycrystalline gold emits unpolarized electrons upon
excitation with linearly polarized light and is used to correct for
instrumental asymmetries. The measurements were conducted under
ultrahigh vacuum (UHV) conditions at a base pressure of less than 3
× 10−9 Torr. The UHV chamber comprised a permalloy shielding

against external magnetic fields and was placed inside three Helmholtz
coils, which compensate for the earth’s magnetic field. The residual
magnetic fields are smaller than ∼20 μT.
VSM Measurements. The magnetization curves were recorded

using the vibrating sample magnetometry option of a Quantum
Design DynaCool physical property measurement system (PPMS).
The M(H) curves were recorded at temperatures of 4.3 and 300 K
and up to maximum fields of ±9 T. The entire samples were probed.
The samples were mounted longitudinally using the original Quantum
Design sample holders; that is, the in-plane component was measured.
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