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Abstract: The chiral induced spin selectivity (CISS) effect in which selective transport of electron spins through
helical chiral molecules occurs, has attracted a lot of attention in recent years. This effect was used to magnetize
ferromagnetic (FM) samples by utilizing adsorbed chiral molecules. The electron transfer through the molecules
was generated optically or electrically. In the optical configuration, circularly polarized light induced efficient mag-
netization by spin torque transfer (STT), using a hybrid of quantum dots (QDs) and chiral molecule self-assembled
monolayer (SAM). Here, we use X-ray magnetic chiral dichroism (XMCD) spectroscopy in order to probe the opti-
cally induced magnetization on thin FM films. The results show differences in the FM magnetization depending
on the optical circular polarization, matching previous non-local Hall probe measurements.
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packed in a sealed inert environment and
sent to the Stanford Synchrotron Radiation
Lightsource (SSRL) for the XMCD mea-
surements. In order to test the magnetic
properties of the bare 5 nm Ni layer, we
used magnetic force microscopy (MFM),
measuring magnetization on a selectively
evaporated thin layer on a SiO

2
substrate.

The exposed Ni film showed strong mag-
netic behavior manifested by phase change
in the MFM measurement (Figs. 2a,b).
To study magnetization under illumination
we prepared a non-magnetized thin film
with Hall configuration. The anomalous
Hall resistance R

xy
was measured under

illumination on the bare 5 nm Ni channel
while a circularly polarized 532 nm cw
laser illuminated the sample with a power
of 25 mW for 2 min. A change of ~0.7%
in R

xy
was observed for I

xx
=1 mA current

(Fig. 2c). In our XMCD experiments the
laser power was an order of magnitude
lower, showing that the chances for sig-
nificant heating or other artefacts due to
laser illumination on a bare sample is
low.

The X-ray dichroism and absorption
data were taken using the elliptical undula-
tor beamline 13-1 at SSRL. This beamline
provides X-rays with an energy between
250 eV and 1250 eV with a typical reso-
lution of 0.1 eV. The polarization can be
chosen freely between circular polariza-
tion of either helicity or linear vertical/
horizontal. The typical X-ray flux provid-
ed to the sample at this beamline is of the
order of 1011 photons/sec. The beamline
is equipped with a scanning transmission

(MFM). Other light-induced studies have
also shown similar behaviors.[5,6]

In this work, we probed the light-in-
duced MA in a similar configuration using
X-ray magnetic chiral dichroism (XMCD)
spectroscopy (Fig. 1). Here, a thin FM Ni
film is deposited onto transmission elec-
tron microscopy (TEM) grids, with chiral
SAM adsorbed on top linked covalently
to colloidal QDs. Samples were simulta-
neously illuminated with a circularly po-
larized laser, used for spin excitation in
the QDs, and a circularly polarized X-ray
beam, used for MA detection. The results
are consistent with previous experiments.
This method enables to probe locally the
magnetization and in principle study dy-
namics of CISS based spin injection.

2. Experimental Details and
Methods

We used ultra-thin holey carbon TEM
grid 400 mesh (Electron Microscopy
Sciences) on which we deposited 5 nm of
Ni using the e-beam evaporation method at
room temperature (RT). Following deposi-
tion, TEM grids were left in an inert envi-
ronment during all preparation processes.
To prevent contact that could damage the
delicate samples, 5 µl of 1 mM AHPA-L
molecules in an ethanolic solution were
dropcasted on top of the Ni films and left
to dry.[7,8] In the following step, 5 µl of tol-
uene solution containing CdSe QDs was
also dropcasted onto the samples and later
rinsed inpure toluene.TEMgridswere then
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1. Introduction

X-ray magnetic chiral dichroism
(XMCD) spectroscopy is extremely use-
ful when attempting to detect minute lo-
cal imbalances between spin up and spin
down density of states (DOS), in a ferro-
magnetic (FM) thin film. These imbalanc-
es correspond to opposite X-ray radiation
circular polarizations in a fixed configu-
ration, relative to the sample’s normal to
surface. X-ray circularly polarized beams,
produced in a synchrotron facility, excite
photoelectrons in the FM material from a
core shell level to the Fermi level. Spin-
orbit coupling enables two different 2p-3d
transitions, accounting for 2p

3/2
and 2p

1/2
levels, corresponding to L

3
edge absorp-

tion (l+s) and L
2
edge absorption (l–s) ac-

cordingly. The polarized photoelectrons
that are excited from the core valance
levels can occupy only empty conductiv-
ity band states in the 3d shell according to
their spin state. Selection rules allow for
spin up photoelectrons to occupy only the
empty spin up states, whereas spin down
photoelectrons can occupy only the spin
down empty states. Hence, the spin-split
valence shell acts as a detector for the
spins of the excited photoelectrons and the
transition intensity is simply proportional
to the number of empty d states of a given
spin.[1]

It is well established that a self-as-
sembled monolayer (SAM) of chiral mol-
ecules is spin-selective whenever charges
are transported through the layer,[2] namely
the chiral induced spin-selectivity effect
(CISS). Hence, spins traversing in and out
of the chiral SAM, adsorbed covalently
on a FM substrate, can induce magnetic
anisotropy (MA) in the FM thin layer.[3]
Only recently, a light-induced magnetiza-
tion mechanism was introduced, combin-
ing QDs and a chiral SAM of Alpha Helix
Polyalanine-L (AHPA-L) molecules that
were chemisorbed on top of a thin FM
film. By using circularly polarized light,
that excited spin polarized electrons in
the QDs, local optical magnetization was
achieved.[4] The excited spin delocaliza-
tion relies upon the helical properties of
the molecules. Therefore, the polarized
electrons’ probability to transfer through
the chiral monolayer depends on the light
polarization. A right-handed spin would
propagate through a right-handed helical
molecule with higher probability than a
left-handed spin. This mechanism was
probed by various Hall configurations
and also by magnetic force microscopy

a. b.

Fig. 1. XMCD experimental setup. a. Sample top view, 5 nm of suspended Ni film were deposited
on top of the TEM grid, to which AHPA-L chiral SAM was adsorbed, linked to CdSe QDs (light
green circles). b. Circularly polarized light (green wave) excites spin specific electrons (green
circles) in the CdSe QDs (light green circle), hereby enabling propagation of specific spins through
the AHPA-L chiral SAM and into the thin FM Ni film (grey rectangle), suspended on top of the TEM
grid (black rectangles). An opposite moving spin specific electron (brown circles) propagates back
to the QD to balance the now missing charge. Both downward and upward moving charges con-
tribute to the same MA in the Ni. Right blowout: Different absorptions of the synchrotron-induced
circularly polarized X-ray light, correspond to different spin up and spin down DOS near Fermi
level (red and blue accordingly). The differences in DOS is translated, by the chiral layer, to MA in
the thin Ni film.
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netic fields we decided to continue using
the transmission detection.

In what follows, we removed the X-ray
optics and mounted the sample under an
angle of 45 degree with respect to the di-
rection of the incoming X-rays. We mag-
netized the sample with a permanent mag-
net parallel to the X-rays, since XMCD is
sensitive to the magnetization component
parallel to the propagation direction of the
X-rays. In this geometry magnetization
and X-rays thus include an angle of 45
degree. A 532 nm cw-laser with a power
of 1–2 mW was installed at a right angle
with respect to the X-ray direction. Both
laser and X-ray beam were not focused so
that the two spots of about 1×1 mm2 in size
could be easily overlapped. Finally, the po-
larization of the laser could be changed us-
ing an appropriate quarter wave plate.

An indication of the CISS effect, origi-
nating from the circular polarized light, is
presented in Fig. 4, which showsNi XMCD
spectra acquired for different relative set-
tings of the X-ray and laser polarization.
In general, it is apparent that the circularly
polarized laser radiation is able to change
the size of the XMCD by about 5% and
hence the magnetic moment of Ni. While
this effect is significant, it is too small to
be reliably detected at the L

2
, which is why

we only show the L
3
resonance in the fig-

ure. These small differences are attributed
to different spin specific charge transfer
probabilities through the chiral AHPA-L
SAM. When the X-ray beam is (+)-circu-
larly polarized, transmission amplitude for
(–)-laser polarization is 5% larger than that
of the (+)-laser polarization. This higher
transmission amplitude occurs as a result of
higher 3d (–) spin DOS occupancy, corre-

higher photon energy, which is indicative
of the presence of NiO. We would like to
point out that preliminary magnetic phase
MFMmeasurements made on 5nm Ni film
deposited on SiO

2
showed clear detectable

magnetic behavior despite the apparent
NiO layer, which is characterized by an-
tiferromagnetic behavior (Figs 2a,b). The
anomalous Hall resistance R

xy
measure-

ments clearly show a negligible response
to circularly polarized light, applied with
an order of magnitude stronger power than
that used in the XMCD experiments (Fig.
2c), relieving any possibility of side effects
that could overcome the underlined MA
caused by the CISS effect. For this rea-
son, we conclude that while the surface of
the Ni films is slightly oxidized, it should
not affect our synchrotron measurements.
However, to avoid possible complications
and because transmission yield data is less
susceptible to external electric and mag-

X-ray microscope with a spatial resolution
of about 30 nm using Fresnel zone plates,
but it can generally be operated in a spec-
tromicroscopy as well as a pure spectros-
copy mode by removing the X-ray optics.
The microscope operates at a pressure of
10–7mbar or better.

3. Results

Upon arrival at SSRL the samples were
first characterized under the microscope to
evaluate theoptimalwaytogoforward.Figs
3a–f shows scanning transmission X-ray
microscopy (STXM) images acquired in
transmission mode (left a,b,c) and electron
yield mode (right d,e,f), with different field
of views.The transmission imageswere ac-
quired using a photo diode downstream of
the sample, while the electron yield images
were acquired by mounting the sample on
an isolated holder. X-rays are absorbed in
the Ni-layer, leading to the emission of a
cascade of secondary electrons. To remain
electrically neutral the sample has to be
grounded, which is achieved by connect-
ing it to an amperemeter capable of detect-
ing picoampere currents. Themagnitude of
the current is then directly proportional to
the X-ray absorption cross section. While
the transmission yield detection is bulk
sensitive, the electron yield detection is a
surface sensitive approach with an expo-
nential decay length of the electron yield
of about 2–3 nm in metals, making it less
suitable for our purposes. The transmission
data in Figs 3a–c shows that the Ni film
thickness is quite homogeneous except for
a small dust particle on the lower right side
of the grid. The electron yield data does
show some variation, however. In the fol-
lowing we acquired absorption spectra
using the two methods and found that the
transmission L

3
absorption spectrum re-

sembles a clean Ni metal film, while the
electron yield data shows an extra shoul-
der at 856 eV as well as a general shift to
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Fig. 2. Magnetic force microscopy and Hall effect characterization. a. Magnetic phase image
made by magnetic force microscopy of 5 nm of Ni deposited on SiO2. b. Cross sectional view
of the magnetic phase corresponding to dashed white line in (a). c. Hall resistance Rxy changes
by ~0.7% during continuous illumination for 2 min by a circularly polarized 532 nm cw laser with
25 mW power on a bare 5 nm Ni deposited on a SiO2 substrate.

a. d.

b. e.

c. f.

g.

Ei

Fig. 3. Preliminary transmission yield measurements. X-ray transmission yield images of
2500×2500 µm2 and 100 µm step (a), 600×600 µm2 and 20 µm step (b), 80×40 µm2 and 1 µm step
(c), and their corresponding total electron yield images, where Ni film presence on top of the TEM
grids was confirmed (d,e,f correspondingly). g. X-ray transmission, depicting bulk absorption,
and total electron yield, depicting surface absorption, verified a 5 nm Ni layer and clean Ni bulk,
alongside small native oxide presence in Ni layer.
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tice resulting from the spin-specific charge
transfer mechanism reported here.

Several reasons might contribute to the
small 5% transmission yield difference be-
tween the two laser circular polarizations’
effects. We used polycrystalline Ni film
that was deposited by e-beam at RT. This
evaporation technique yields film with de-
graded polarizability. First the laser power
was set to a maximum of 1–2 mW, instead
of 10 mW used in the former experiment.
More importantly, the lifetime of the spin
in the Ni films is smaller, dramatically
reducing the MA strength. The similarity
between transmission yields of (–) and (+)
X-ray circular polarized beams can be rea-
soned by the fact that Ni is characterized
by a small spin up and down DOS differ-
ence near Fermi level.[10] Such small differ-
ences are hard to reveal when polarization
is small to begin with. The relative shift in
energy between the two red curves is at-
tributed to spin-lattice relaxation mecha-
nisms. Spin-flip excitations occurring on
the ps time scale can alter the 3d-4sp hy-
bridization of the Ni, and hence alter the
bandwidth, which alternatively changes
the relative E

f
location with respect to the

core electrons, manifested as an energy
shift.[11–13]This energy shift cannot be re-
lated to heating, as both laser circular po-
larizations were performed with the same
power. In our device spin-lattice relaxation
occurs on a ps time scale, explaining very
well the observed shift.

Also, several studies have shown that
for disordered thin Ni films polariza-
tions reach a maximum of ~14%.[14–16]
Moreover, both incident X-ray beam and
circularly polarized laser used to excite the
QDs were tilted at an angle of 45o, further
reducing spin polarization by an added co-
sine factor. Lastly, theAHPA-L chiral mol-
ecules were dropcasted instead of several
hours of sample immersion. This creates a
less organized monolayer, though still ro-
bust,[17] which manifests as lower surface
molecular concentration and larger tilting
angles between molecules and normal to
surface,[18,19] thereby further reducing the
injected spins’ polarization effect onto the
Ni film.

Nevertheless, the signal is large enough
to study spin dynamics when the optically-
originated spin injection results from CISS
effect. Using a more focused X-ray beam,
local spin distribution injected from selec-
tive adsorbed molecules can be probed.[20]

5. Summary

Here we show XMCD measurement
results of light-induced magnetization.
By illuminating circularly polarized light
on QDs attached to a chiral SAM that is
adsorbed on thin FM Ni film, spin torque

through theAHPA-L SAM, resulting in the
FM layer’s magnetization reorienting out-
of-plane (OOP) via STT. This effect is en-
hanced by charge oscillation between the
Ni layer and the QDs.[9] Magnetization is
sustained by this oscillation regardless of
the current direction.[3,4] Therefore, when
circularly polarized light excites spins that
correspond to the helical properties of the
molecules, MA is expected to occur with
higher probability than when the opposite
circular polarization is used. Once major-
ity spin DOS is highly populated, the cir-
cularly polarized X-ray light, probing the
majority spin states, yields higher trans-
mission yield. This is because there are less
core level 2p electrons for this spin DOS,
due to 2p-3d transitions.

By using the anomalous Hall effect
(AHE) (Fig. 2c) measurements we dem-
onstrate that heating is negligible in our
experiment. Heating solely does not break
the Hall symmetry and is not expected to
induce the Hall effect. Moreover, heating
is not linear, while the Hall signal is ex-
pected to grow with time due to the do-
main magnetization ordering process. In
Fig. 2c we present a linear dependency
between the laser time and the Hall volt-
age. Furthermore, both right and left laser
circular polarizations were used with the
same heating power giving opposite results
in Hall voltage, suggesting that a large part
of the change in XMCD signal comes from
different spin polarizations within the lat-

sponding to (–)-laser polarization illumina-
tion. The opposite 3d (+) spin DOS was not
fully occupied, manifested as lower trans-
mission amplitude, therefore larger absorp-
tion by core level 2p

3/2
spin (+) electrons.

As expected, when the opposite X-ray
beam (–)-polarization is used to probe the
spin DOS, the opposite occurs, in which
higher transmission is registered when
(+)-laser polarization is applied and lower
transmission is seen for (–)-laser polariza-
tion. Transmission spectrum in the L

2
band

edge is noisy, perhaps due to spin injection
which is centered at E

F
, and consequently

does not represent any significant data.

4. Discussion

The transmission yield differences be-
tween the two green laser circular polar-
izations’ results, observed in the XMCD
measurements, provide evidence for the
CISS charge transfer mechanism. No
external magnetic fields were used dur-
ing data acquisition, so that the detected
XMCD spectra are a direct measure of the
magnetization of the Ni layer. It therefore
appears as if the change or modulation of
the magnetization was induced by the spin
specific charge transfer through the chiral
molecules. As mentioned elsewhere,[4] the
longitudinal spin coherence time, T

1
, is

longer than typical transport times, thereby
allowing spin injection into the FM layer

Fig. 4. XMCD transmission spectrum for CISS configuration. Circularly polarized laser light (de-
picted as L+ or L–) was used to excite the CdSe QDs. Circularly polarized X-ray beams (depicted
as X+ or X–) excited core level electrons in the L3 band edge clearly showing different transmis-
sion yields. These transmission yield differences point to an imbalance in the spin DOS, hence,
different spin specific charge transfer probabilities through the chiral AHPA-L SAM corresponding
to different laser circular polarizations. L2 band edge absorption results are too noisy, perhaps due
to spin injection which is centered at EF, and therefore does not convey any significant information
and is not presented. The circular insert shows an enlarged image of the lower peaks.
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is transferred to and from the FM, thus
reorienting its magnetic dipole. We found
that opposite circular polarization magne-
tization outcomes, visualized by XMCD
spectroscopy, differed by 5%. This could
be explained by taking into account our
device configuration together with other
technical constraints. The results described
here lie in good agreement with previous
results, reaffirming the use of this system
to study dynamics of the optically-induced
spin injection.
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