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Spin crossover (SCO) complexes sensitively react on changes of the environ-
ment by a change in the spin of the central metallic ion making them ideal
candidates for molecular spintronics. In particular, the composite of SCO
complexes and ferromagnetic (FM) surfaces would allow spin-state switching
of the molecules in combination with the magnetic exchange interaction

to the magnetic substrate. Unfortunately, when depositing SCO complexes
on ferromagnetic surfaces, spin-state switching is blocked by the relatively
strong interaction between the adsorbed molecules and the surface. Here, the
Fe(Il) SCO complex [Fe' (Pyrz),] (Pyrz = 3,5-dimethylpyrazolylborate) with sub-
monolayer thickness in contact with a passivated FM film of Co on Au(111) is
studied. In this case, the molecules preserve thermal spin crossover and at
the same time the high-spin species show a sizable exchange interaction of >
0.9 T with the FM Co substrate. These observations provide a feasible design

strategy in fabricating SCO-FM hybrid devices.

1. Introduction

The spin crossover (SCO) phenomenon has emerged as one of
the most appealing platforms for investigating the switching of
molecular electronic states and assessing their integration as
an active function in novel electronic and spintronic devices.

Among SCO compounds, those based
on the Fe(ll) ion are the most investi-
gated since they offer the richest chemical
and phenomenological versatility. They
switch between the high-spin (#,e, HS)
and low-spin (t5,), LS) electronic states
in a reversible and detectable fashion in
response to external stimuli (temperature,
pressure, light irradiation, soft X-rays and
inclusion of guest molecules). Further-
more, the intrinsic population/depopula-
tion of the antibonding ¢, orbitals is at the
origin of the changes in shape and size
of the Fe(II) centers (average Fe-N bond
length ca. 0.2 A larger in the HS state).
These structural changes may spread
cooperatively across the bulk material
conferring strong cooperative ON-OFF
hysteretic behavior to the magnetic,
optical, dielectric and structural properties, which may be
exploited for practical applications.['"%! An imperative condition
to realize SCO-based practical applications requires to demon-
strate that the spin-state switching behavior can be operative at
nanometric scale, for example, nanoparticles, ultrathin films,
and even single molecules.’-"]
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Obviously, given the cooperative nature of the SCO phenom-
enon the transition from the bulk compound to the nanom-
eter-size may have important costs in terms of fundamental
parameters of the SCO (i.e., completeness, hysteresis width
and characteristic temperatures). For example, the deposition
of SCO molecules as thick films on silicon substrates lead to
the loss of hysteretic behavior during thermal SCO transition
even though the silicon substrates are relatively inert.'8! Further
depositing SCO molecules onto metal substrates often results
in the loss of the switchability and/or leads to decomposition of
the molecules due to the strong chemical interaction between
molecules and surface.'2% Therefore, to maintain SCO, either
intrinsically inert and robust molecules and/or weakly inter-
acting surfaces have been selected.”?'-24 Indeed, the demon-
strated ability to reversibly switch the spin state between LS and
HS states at nanometric scale, for example, by external stimuli
such as light,??0] X-ray/?l voltage,”®! and temperature,?’)
makes Fe(II) SCO complexes ideal candidates for molecular
spintronics and promising application as building blocks for
classical bits, sensors, and actuator devices.[*1>3%31 Extensive
research has focused on the SCO phenomenon regarding the
practical properties of the SCO molecules itself, and combine
systems like spin valves, heterostructures, etc.3234

Thanks to the advances in design and synthesis of SCO
complexes over decades, robust and vacuum sublimable SCO
molecules are at hand. [Fe(bpz),phen] (bpz = dihydrobispyra-
zolylborate, phen = 1,10-phenanthroline) molecules in direct
contact with highly oriented pyrolytic graphite keep their
highly efficient thermal- and light-induced spin-state switching
behavior.*” In addition to the molecule design, by introducing
a thin CuN insulating space layer in between the molecules
and the Cu substrate, Fe(phen),(NCS), molecules can show
robust SCO and memristance.'”) More recently, it has been

(a)

(b)

Low spin

High spin
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introduced a novel technique to combine SCO molecules with
2D materials building heterostructures in which the molecular
spin switching induced volume change can in turn work as a
strain effect to the 2D materials alter their electrical and optical
properties.?? It has been shown that [Fe'l(Pyrz),] maintains a
bistable spin-state switching even when deposited directly onto
metallic substrate like Au(111), Ag(111) and Cu(111).21-23201 All
this progress pave the way for the control of the SCO properties
at molecular scale and offer new routes to engineer the new
materials combined with SCO molecules. Nevertheless, reports
of the SCO molecules on magnetic surfaces are still scarce, and
to the best of our knowledge, no work has reported successful
combination of sub-monolayer (sub-ML) SCO molecules on
magnetic substrate while maintaining the switching ability.

In this work, we report on experimental realization of the
above-mentioned concept of SCO complexes on ferromagnetic
(FM) substrates. We deposited sub-ML of [Fel'(Pyrz),] mole-
cules on Au passivated FM Co films on Au(111). The passivation
not only serves to keep the SCO molecules and their switching
intact but also allows an indirect exchange interaction across
the Au layer.*®l The results demonstrated that the [Fe!!(Pyrz),]
molecules in the HS state interact ferromagnetically with the
FM Co film and maintain their SCO ability.

2. Results and Discussion

The molecular structure of [Fe!'(Pyrz),] is shown in Figure 1a.l*’]
The divalent iron ion Fe(II) is surrounded by six nitrogen atoms
in octahedral symmetry thus the 3d orbitals split into e, and t,,
levels. Bulk [Fe!'(Pyrz),] exhibits thermal SCO accompanied by
an asymmetric thermal hysteresis showing equilibrium tem-
peratures Tjp, at which the HS and LS molar fraction are 0.5,
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Figure 1. a) Schematic of a [Fe''(Pyrz),] molecule. The central Fe(ll) ion is surrounded by six nitrogen atoms in octahedral symmetry. b) Simplified elec-
tronic configurations of the Fe(ll) SCO molecule. The interplay between the ligand field strength (A, s or Ays) and the spin pairing energy (A) determine
the spin states. ¢,d) STM topography of Co film on Au(111) substrate before (c) and after (d) annealing process. The moiré pattern after annealing is

indicative for a passivation by the Au overlayer. (U=1V, | =300 pA).
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of 174 and 199 K for cooling and heating, respectively.’-*8 The
process is accompanied by a change in the Fe-N bond length,
that is, a structural phase transition resulting in a change of
the ligand fields. The corresponding electronic configurations
of Fe(II) center in the two spin states are shown in Figure 1b.
Depending on the strength of the ligand field (A ys), the elec-
trons can either fully occupied the t,, orbitals forming S =0 LS
state or the Hund’s rule is prevailed forming S = 2 HS state.
Recent studies showed that [Fe!(Pyrz),] deposited on inert
metallic surface preserves the spin state switching,[21-2326.27.34
The Au/Co/Au(111) system, which has been studied in all
detail due to its spin reorientation transition and spintronic
applications,?**! was used as a ferromagnetic substrate with
inert surface for molecular deposition. Due to the lower free
surface energy of Au in comparison with Co, Au shows the ten-
dency for up diffusion when Co/Au(111) system was annealed
such that the Co film tends to be covered by a monolayer of
Au, as deduced from an analysis of STM images.*l Moreover,
a helium atom scattering and Auger electron spectroscopy
(AES) study revealed that this capping of the Co surface upon
annealing is self terminated as evidenced by a saturation of the
ratio of the highly surface sensitive AES lines of Co (53 eV)/
Au (69 eV) at about 600 K.*®! Hand in hand with this satura-
tion, the annealed surface shows an absence of CO adsorption
upon titration at 180 K while CO sticks to Co even at room tem-
perature indicating a full passivation.*] More specifically, M.
Speckmann et al.?) reported that Co films of < 6 ML grown on
Au(111) formed Au-terminated surface after an annealing pro-
cess at 240° for 10-15 min producing a smooth and homoge-
neous Co film underneath. The magnetic properties of Co films
are not quenched during annealing. Instead, the out-of-plane
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magnetic anisotropy is enhanced such that the spin reorienta-
tion of the magnetization from out-of-plane to in-plane shifts
to higher thicknesses. For this study, we chose Co film thick-
nesses such that after Au up diffusion, the magnetization is still
oriented in-plane although the passivation Au layer was on top.
A more detailed description of the Co films growth is shown
in Figure S1 (Supporting Information). Figure 1c,d shows rep-
resentative STM topographic images of Co films on Au(111)
surface before (Ic) and after (1d) annealing. The morphology is
similar to previous resultsi***! and shows that the Co film is
dominated by random islands without thermal annealing but
forms large flat terraces after annealing. The Au passivated
surface shows a moiré pattern on the surface that is absent
before annealing. The moiré structure is characteristic for the
lattice misfit between Co and Au and has also been observed on
thinner Co films on Au(111).43#48 After annealing, the orienta-
tion of magnetization in the Co film was verified to be in-plane
by in situ magneto-optical Kerr effect (MOKE) measurements,
showing a low coercivity of = 5 mT (see Figure S1b, Supporting
Information). After these processes, the [Fe!'(Pyrz),] molecules
were deposited onto the substrate held at room temperature
from a Knudsen cell at 175°.

Figure 2a shows the topography of a sub-ML [Fe'l(Pyrz),]
molecular film on Au-passivated Co/Au(11l) surface. The
molecules form self-assembled single-layer islands with an
apparent height of 0.6 nm (Figure 2b), which is compatible
with the height of the molecules grown directly on the Au(111)
surface.?l This is in contrast to molecules deposited directly
on Co surfaces, where no ordered structures of the molecules
form. The absence of disordered molecular adsorption pinpoins
again a full passivation of the Co layer. Moreover, the molecules

Figure 2. a) STM topography of self-assembled [Fe''(Pyrz),] molecules on Au-passivated Co/Au(111) (U =-1V, I =50 pA, 85 nm X 85 nm). b) The line
profile across the border of the molecular island as marked with white solid line in (a). ¢,d) STM images acquired at same scanning area in constant-
current mode (c) (U=-2V, I =50 pA) and constant-height mode (d) (U =300 mV, () = 50 pA) showing patterns of different period. The former shows
a full molecular crystal lattice, that is, both HS and LS molecules are visible, while the latter, under the specific voltage, only LS molecules appear as
bright dots showing a mixed spin-state superstructure. The white circles (dots) mark the molecules in LS (HS) states and are the guide for the eyes.
e) Constant-height images (U = 300 mV, () = 50 pA), acquired right after scanning the area at -2 V, showing a perturbed pattern. Some molecules
fluctuate between HS and LS states. f) Constant-height image (U =300 mV, () = 50 pA) acquired after 70 min after (e). The molecules relax to a more
ordered pattern. Figure 2c—f is acquired at the same scanning area. The dashed rectangle is a mark of the defect for clarity. Image (d) was acquired
after 3 h after (e).
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deposited onto Au-passivated Co/Au(111) surface here, show an
identical superstructure pattern as in the case of deposition on
bare Au(111). Identically to previous studies on bare Au,*!! when
imaged at -2 V (Figure 2c), all the molecules under the scanning
area are visible showing a well-ordered 1 x 1 lattice pattern. How-
ever, for the same area, when scanned at 0.3 V with constant-
height scanning mode, only a fraction of (1/3) the molecules is
visible as partially indicated by the white circles in Figure 2d.
The other 2/3 molecules on the sites marked by white dots are
invisible. The appearing 1/3 bright molecules were initially iden-
tified as molecules in the HS state,?!! which were recently cor-
rected as molecules in the LS state.?l Thus, we conclude from
the STM experiments, at 4 K, 1/3 of the molecules are in the LS
state and 2/3 in the HS state showing LS-HS-HS pattern, that
is, the spin-state structure of the molecules on the passivated Co
film is identical to that observed on bare Au(111).

The molecules on Au-passivated Co/Au(111) surface are sen-
sitive to the scanning bias and SCO can be triggered by scan-
ning at certain applied voltage. Figure 2e,f shows this unique
behavior. After scanning at high bias (-2 V), the LS-HS-HS
ordered pattern is modified, some molecules are switched from
LS (HS) state to HS (LS) state temporarily (Figure 2e) and reor-
ganize into the LS-HS-HS pattern (Figure 2f) after about 1 h.
Let the system relaxed for a longer time (about 3 h), the mole-
cules form nearly defect-free pattern as shown in Figure 2d.
The recovery of the ordered pattern give a first hint that
SCO is present for the molecules adsorbed on the passivated
FM substrate.

To directly look into the on-surface spin state switching of the
molecules, we investigated thermal SCO of the hybrid system
using soft X-ray absorption spectroscopy (XAS). XAS is a pow-
erful technique for revealing the electronic structure of the 3d
electrons of the Fe ions.[?’! Different spin states, that is, HS or
LS, have a rather clear fingerprint XAS on Fe L, ; adsorption
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edges. XAS has also been used to resolve the HS and LS con-
tents quantitatively.'®?] Figure 3a shows the XAS spectra of
powder [Fe!'(Pyrz),] molecules at 300 K (100 K) representing the
featured HS (LS)-state spectrum, as they show complete spin
switching. Intuitively speaking, the molecules in HS states show
a dominant adsorption peak at 7077 eV, while that of the mole-
cules in LS states is at 709.2 eV. Note that the powder spectra
were taken at the DEIMOS beamline of SOLEIL synchrotron,®!
while the following data were taken at the WERA beamline of
KARA,®! 5o an energy shift has been applied to allow direct
comparison of the spectra. To determine the HS/LS content
on the hybrid system, the powder spectra were used as a refer-
ence. Figure 3b,c shows two exemplary XAS spectra of sub-ML
[Fell(Pyrz),] molecules on Au-passivated Co/Au(111) surface
measured at 300 and 60 K. The spectra show clear differences
at both Fe L, and L; edges. The sub-ML film spectrum meas-
ured at 300 K shows an almost identical structure as the powder
spectrum at high temperature indicating a high HS content.
The spectrum measured at 60 K shows features at both peak
positions of HS and LS, indicating coexistence of the two spin
states. Quantitative analysis is shown in Figure 3d,e. Here we
fitted the molecular film XAS spectra by a linear combination
of the HS and LS powder spectra giving the contribution from
HS and LS spectra, that is, the population of the spin states as a
function of temperature.'>?] More details can be found in Sup-
porting Information. As shown in Figure 3d,e, the calculated
spectra reproduce all main features of the experimental spectra,
showing a calculated HS proportion of 93.9 % £ 0.8 % (72.7 % *
1.4 %) for sub-ML molecules on Au/Co/Au(111) at 300 K (60 K).
To further elucidate the thermal switching, we record a
series of XAS spectra from 300 to 30 K and extract the corre-
sponding HS ratio as a function of temperature by the method
mentioned above. The resulting HS proportion measured with
XAS using an estimated photon flux density of the order of
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Figure 3. a) XAS spectra of powder [Fe''(Pyrz),] molecules obtained at 300 K (blue) and 100 K (red) showing the HS-state (blue) and LS-state (red) featured
spectra. b,c) XAS spectra of sub-monolayer [Fe!'(Pyrz),] film on Co/Au(111) obtained at 300 K (b) and 60 K (c). The dashed lines indicate the Fe L, and L3
edges. d,e) Reproduction of Fe 2p XAS in Figure 2b,c by using a linear combination the reference spectra from Figure 2a for the HS and LS states obtained
on the powder sample. The solid lines represent the experimental data and the circles represent the reproduced spectra obtained by linear combination.
f) HS proportion of the molecules measured during cooling process (magenta circles) and the evolution of the HS population during SOXIESST effect
under irradiation of different photon flux densities of X-rays (gray circles: low, blue circles: medium, and green circles: high flux densities). The open circle
represents the data point measured by STM which shows 2/3 HS state molecules. Error bars indicate the 10 statistical error of the spectral fit.
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9 x 10° photons per (mm? s) during cooling process is shown
in Figure 3f in magenta dots. This photon flux density is sim-
ilar to that used in previous studies of the same molecules.['33!
As can be seen from the figure, the molecules show thermal
SCO slightly <100 K, that is, the HS population decreases, and
soft X-ray induced excited spin states trapping (SOXIESST) at
temperatures <60 K, that is, the HS population increases again
driven by the X-ray photons. A more detailed analysis of SOX-
IESST will be discussed, below. We also included information
on the HS population from the STM experiments at 4 K in
Figure 3f confirming the identification of the appearing bright
molecules as the LS species.

As evidenced by the data, the SOXIESST-induced LS to HS
switching is not negligible at temperatures < 60 K. To gain fur-
ther insight on the SOXIESST effect, we record the evolution of
the XAS spectra under irradiation of soft X-ray at 30 K. To avoid
the accumulation of the SOXIESST effect from the measure-
ments during the cooling process, the measurement was taken
at a virgin area and we exposed the sample to different flux
densities of X-ray, marked as low/medium/high intensity (see
Supporting Information for detailed definition). To maximize
the resolution of the measurements with respect to the photon
dose, we recorded the evolution of only the dominant adsorp-
tion peaks of Fe 2p L; edge, that is, shortening the exposure
time per spectrum. Figure 4a shows a series of XAS spectra
at the Fe L; edge measured under X-ray irradiation. To clearly
elaborate the evolution process, we normalize the XAS spectra
to tp, peak, that is, the peak at 7077 eV, and observe the changes
of ¢, peaks. Obviously, the ¢, peak decreases relative to the t,,
peak with X-ray irradiation (red arrow), indicating an increase
of HS state molecules. To analyze the data in detail, we fitted
the spectra with a linear combination of the powder spectra to
obtain the HS/LS ratio. The resulting HS proportion is shown
in Figure 4b as a function of the irradiation time to the different
X-ray flux densities. Under the irradiation of low flux density
X-rays, the molecules show an almost constant HS proportion
for at least 30 min, representing a negligible SOXIESST effect.
After increasing the X-ray flux density, we observed a contin-
uous SOXIESST-mediated LS to HS switching increasing the
HS population by about 10 %. The switching dynamics can be

(a) 12 = r T (b)
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well fitted with a mono-exponential function showing a time
constant (7) of 177 £ 5.5 min. Moreover, by applying a even
higher X-ray flux density, more of the residual LS molecules can
be switched to the HS state and eventually the HS molecules
are saturated at around 76 %. For this process, the fitted 7is 3.1
* 1.4 min. It is worthy to mention that the calculated activation
energy, that is (7 x I), where I, is the flux density of applied
X-ray, for both cases are nearly the same, which means that the
microscopic origin of the switching process is independent of
the X-ray flux density.

For comparison, we plot the data points of SOXIESST-
mediated LS to HS switching together with the cooling data
in Figure 3f. We note that the HS proportion achieved during
cooling under X-ray is higher than during gradual exposure to
X-rays at 30 K indicating that some portion of the molecules can
only be kept in the HS state by X-rays when the temperature is
higher than 30 K. The mechanism for this behavior is unclear.
The original HS proportion (around 60 %) measured at 30 K is
slightly deviated from the value (2/3) decided by STM can be
due to the different measurement ranges, that is, STM focus
on the interior of molecular islands and neglects edges effects
while the beam size of XAS measurements here was around
0.5-1.5 mm?. The edges and defects might contribute to pin
down the LS states resulting in a slightly lower HS proportion.

The above experiments clearly indicate that the molecules
deposited on passivated FM Co/Au(111) surface preserve bista-
bility. The SCO can be triggered by the tunneling bias, be engi-
neered thermally and by applying X-ray irradiation. The mole-
cules on the passivated Co films show the very same behavior
with incomplete spin-switching, as has been reported for mole-
cules deposited on bare Au(111),21 that is, the passivation fully
works. With these results, we now turn to the possible magnetic
interaction between the HS molecules and the FM Co film. For
this purpose, synchrotron-based XMCD measurements were
performed on Co and Fe L-edge with circularly polarized pho-
tons. Figure 5a shows the experimental geometry and setup.

The difference of the XAS spectra obtained with antiparallel
relative orientation of photon spin and external field direc-
tion and parallel relative orientation is defined as the XMCD
signal.’%°! We ensured that the Co film was fully saturated
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Figure 4. a) Evolution of XAS spectra obtained under irradiation with soft X-rays. The spectra were normalized to t,, peak of Fe 2p L; edge for com-
parison. A clear change of the peak ratio (t,,/e,) as indicated by the red arrow corresponds to continuous increases of the HS population. b) Time
evolution of the HS fraction under irradiation of soft X-ray at different photon flux densities. The gray/blue/green circles represent the data points
obtained under exposure to the soft X-ray with low/medium/high photon flux densities. The corresponding blue (green) lines show an exponential fit of
the data with a time constant of 17.7 £ 5.5 (3.1 £ 1.4) min. The dashed lines are the guides of the eyes. Error bars indicate the 1o error of the spectral fit.
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Figure 5. a) Schematic of experimental geometry with circularly polarized X-rays impinging the sample under grazing incidence with 30°. The o* (07)
corresponds to positive (negative) photon helicity. b) Co L-edge XAS and XMCD spectra at 30 K measured with positive helicity photons (0%) and a
magnetic field of 2 T. ¢) Fe L-edge XAS and XMCD spectra at 30 K taken in analogy to b) with 4 T. The green circles represent the experimental data
and the green solid line is the smooth result of the points for the guide of eyes. d,e) Magnetic field dependent XMCD signal across the Fe L, ; edges
measured with different photon helicity. (d): 07; (e): o*. The curves are vertically shifted for clarity and the dashed lines mark the zero signal positions.
f) XMCD signals extracted from (d,e), that is the blue dots correspond to negative helicity (07) measurements, and the red dots correspond to positive

helicity (o) measurements. The solid black line indicates the fit according to Brillouin function, showing a non-zero XMCD signal at extrapolated zero

applied field. Error bars represent the 10 statistical error of the XMCD signal.

by the applied magnetic filed by also measuring its hyster-
esis using the Co XMCD signal (see Figure Slc, Supporting
Information). The amplitude and sign of the XMCD signal
represent the size and orientation of the magnetic moment
of the selected element. This enables us to probe the mole-
cular magnetic properties and identify the type of coupling
between the molecules and the substrate. Figure 5b,c shows
the XAS spectra recorded with circularly polarized photons
with position helicity (o) across the Co and Fe L-edge respec-
tively (upper panel) and the corresponding XMCD signal
(lower panel). The same sign of the XMCD signal infers that
the alignment of the Co and Fe magnetic moment is par-
allel, hinting at a ferromagnetic exchange coupling between
the underlying Co film and HS molecules.’? In principle,
paramagnetic HS molecules can be aligned by the external
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magnetic field and contribute to the XMCD signal as well.
Therefore, distinguishing and extracting the exchange-interac-
tion contribution from the paramagnetic response is of para-
mount importance. To disentangle the two, we thus performed
a series of XMCD measurements at different magnetic fields.
As can be seen from Figure 5d,e, the XMCD signal gradually
increases upon increasing the applied magnetic field, which
is in line with the expectation of paramagnetic response. For
quantitative analysis, we extract the XMCD signal and fit the
data with the Brillouin function which describes the magneti-
zation of paramagnet. We treat a potential exchange interac-
tion from Co film to HS molecules as an effective exchange
field By, that acts together with the applied magnetic field
Bippliea- This scenario can result in the Brillouin function
offset by the exchange field:

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Bj(x)=zjz}rlcoﬂl(zjz}rlxj—%com(%x], 1)
85 (Bippica + Bex)

where x=J , g is the Landé factor, up the Bohr

ksT
magneton, T the temperature, kp the Bolzmann constant, | the
total angular momentum. For HS [Fe!{(Pyrz),] molecule, | = 2.
This equation, with the applied magnetic fields (< 3 T) and tem-
perature (30 K), can be simplified as:

B;(x) = C*# (Bupplica + Bex) 2)

with C a constant. More detail can be found in supplemental
materials. The result of a fit to this model and the extracted
XMCD signals are together presented in Figure 5f. A non-zero
exchange interaction results in a non-zero XMCD signal at
extrapolated zero applied field. The fit clearly does not extrapo-
late to zero magnetization at zero applied field and instead indi-
cates a substantial ferromagnetic exchange field of B., = 918
41 mT. Compared to the SCO molecule [Fe(phen),(NCS),] on
Co/Cu(111),2% the coupling is lower. This can be due to (i) the
passivation of the Co film by the Au layer®” that mediates an
indirect exchange of the HS molecules*®! and Co films and (ii)
the intrinsic decoupling of the molecules spin by the ligands
that surround the Fe(II) ion. However, at the same time, both of
the side effects help to preserve the spin switching ability when
deposited on the FM functional substrate.

3. Conclusion

In conclusion, we demonstrated that the SCO properties of
[Fe''(Pyrz),] molecules can be kept even on a magnetic sub-
strate, if it is passivated by a noble metal overlayer. In the
hybrid film, the HS to LS switching is thermally induced
around 100 K while the reverse LS to HS transition is induced
at 30 K by soft X-ray irradiation. Most interestingly, we have
observed a sizable exchange coupling between the HS mole-
cules and the FM substrate. This study allows to get insight
into the influence of this functional SCO-FM substrate hybrid
structure, both with respect to SCO and the exchange interac-
tion between the HS molecules and the FM cobalt through the
passivation layer making applications of hybrid systems come
closer to reality. For FM films of low coercivity, thermal or light
induced SCO might lead to changes of the magnetic behavior
of the coupled hybrid system, that is, the SCO molecules might
influence the magnetic behavior of the FM film mediated by
the exchange interaction.

4. Experimental Section

Sample Preparation:The synthesis of [Fe''(Pyrz),] powder was shown in
the previous works.*® First, a clean Au(111) substrate was prepared by
repeated cycles of Ar* sputtering (3 kV) and post-annealing (450 °C) in
ultrahigh vacuum (UHV). Subsequently, Co films were deposited onto the
clean Au(111) surface held at room temperature by e-beam evaporator. The
thickness of the Co film was determined by deposition rate and deposition
time (see Section 1, Supporting Information). Here, the thickness of Co
film is determined to be 7.2 + 0.9 monolayers (MLs). To form a flat and
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passivated surface, the Co/Au(111) film was then post-annealed at 300
°C for 30 min. We in situ monitored the magnetic properties of the Co
films before and after annealing by magneto-optical Kerr effect (MOKE)
measurement. They showed an in-plane magnetization of the Co films
(see Figure S1b, Supporting Information). After that, the molecules were
deposited onto the as mentioned passivated Co/Au(111) substrate in
UHYV using a homemade Knudsen cell evaporator at 175 °C while keeping
the substrate at room temperature. The thickness of the molecules is
determined to be 0.75 + 0.08 ML by STM.

STM Experiments:The measurements were performed in a home-built
STM operating at a base temperature of 4.5 K and base pressure under
1% 107" mbar.

X-Ray Absorption Spectroscopy and X-Ray Magnetic Circular Dichroism
Measurements:XAS and XMCD measurements were performed at
IQMT’s soft x-ray facility WERA at the Karlsruhe synchrotron light source
KARA, utilizing the XMCD end station with its fast-ramp 7 T magnet.
Total electron yield (TEY) detection was used. Base pressure at WERA
is better than 1 x 107 mbar. To prevent any sample contamination in
air, the freshly prepared samples, after in situ characterization with
STM, were transferred directly to the XMCD loadlock at WERA via a
customized UHV suitcase with a base pressure better than 1x 10~° mbar.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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