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U
sing magnetic molecules as build-
ing blocks for spintronic devices is a
promising approach forminiaturiza-

tion of functional units since it provides
structural control and reproducibility on
the atomic level by the chemical design of
the molecules.1 Spin crossover (SCO) com-
plexes are appealing because they possess a
bistable spin state that reacts sensitively
to external stimuli, such as changes in tem-
perature or excitation with light. They can
thus function as tiny molecular magnetic
switches that can be controlled optically.
SCO molecules consist of a transition-metal
center surrounded by organic ligands that
provide structural stability and prevent
oxidation of themetal center. The bistability
stems from a competition between the
ligand field favoring an electronic occupa-
tion of the levels lowest in energy (low-spin
(LS) state) and the spin-pairing energy

favoring a parallel alignment of the spins
of the d electrons (high-spin (HS) state).
Thermally induced SCO was first reported
in 1931.2 The SCO transition is entropy
driven due to the different spin multiplicity
and the different number of accessible
vibrational levels of the LS and HS states
giving rise to a temperature-dependent
contribution to Gibbs free energy.3 In con-
trast, light-induced switching of the spin
state is triggered by optical excitation of
the metal-to-ligand charge-transfer (MLCT)
band. The spin dynamics after the excita-
tion has been recently observed using
femtosecond X-ray pulses.4 After excitation
the electronic state decays into the LS or HS
state and can then be trapped if the energy
barrier is high enough with respect to
the thermal energy. Light-induced excited
spin-state trapping (LIESST) was first ob-
served in the early 80s of the last century.5,6
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ABSTRACT Spin crossover (SCO) complexes possess a bistable spin

state that reacts sensitively to changes in temperature or excitation with

light. These effects have been well investigated in solids and solutions,

while technological applications require the immobilization and contact-

ing of the molecules at surfaces, which often results in the suppression

of the SCO. We report on the thermal and light-induced SCO of

[Fe(bpz)2phen] molecules in direct contact with a highly oriented

pyrolytic graphite surface. We are able to switch on the magnetic

moment of the molecules by illumination with green light at T = 6 K, and off by increasing the temperature to 65 K. The light-induced switching process is

highly efficient leading to a complete spin conversion from the low-spin to the high-spin state within a submonolayer of molecules. [Fe(bpz)2phen]

complexes immobilized on weakly interacting graphite substrates are thus promising candidates to realize the vision of an optically controlled molecular

logic unit for spintronic devices.
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Since their discovery these phenomena have been
intensively investigated.7�9 The studies were mostly
carried out in solution, on powder samples, and on
single crystals. Lately, a lot of research has beendevoted
to vacuum deposition of SCO molecules using neutral
complexes.10�20 In this way addressability and immo-
bilization are provided by the solid substrate. Recently,
memristive behavior of a single SCOmolecule on a CuN
surface was reported using low-temperature scanning
tunneling microscopy (STM).21 Only a few SCO com-
plexes have been successfully evaporated onto surfaces.
While decomposition of some fraction of molecules con-
comitant to the evaporation process was observed for
[Fe(NCS)2(phen)2] (phen = 1,10-phenanthroline)18 and
[Fe(NCS)2L] (L = 1-{6-[1,1-di(pyridin-2-yl)ethyl]-pyridin-2-
yl}-N,N-dimethylmethanamine),17 [Fe(bpz)2phen] (bpz =
dihydrobis(pyrazolyl)borate), [Fe(bpz)2bipy] (bipy =
2,20-bipyridine), and [Fe(tpz)2] (tpz = tris(pyrazolyl)-
borate) can be deposited very reliably due to their
comparably low sublimation temperatures.10�12

Partial thermal SCO and LIESST have been reported
for [Fe(bpz)2bipy] molecules on Au(111),22 but 80%
of the molecules did not undergo a spin transi-
tion. It remains unclear what is the reason for the
SCO of 20% of the molecules and whether they
were in direct contact with the Au(111) surface.
[Fe(bpz)2phen] was found to decompose into
[Fe(bpz)2] and phen moieties when in direct con-
tact with a Au(111) surface. Molecules in the second
layer, on the other hand, stayed intact and showed
thermal SCO.14 So far, four new analogues of the
spin-crossover complex [Fe(bpz)2phen] containing
functionalized 1,10-phenanthroline ligands have
been reported recently.23

Here we report on the thermal SCO and LIESST of
[Fe(bpz)2phen] molecules in direct contact with a
highly oriented pyrolytic graphite (HOPG) surface. In
the submonolayer regime illuminationwith green light
leads to a complete spin conversion from LS to HS at
T = 6 K. The spin transition is fully reversible: when
heated to 65 K all the molecules relax back to the LS
state. Increasing the temperature to 300 K results in a
thermally induced SCO of about 90% of the molecules.

RESULTS

Submonolayers of [Fe(bpz)2phen] (Figure 1a) were
prepared by sublimation in ultrahigh vacuum (UHV)
onto an HOPG substrate held at room temperature. To
ascertain that the molecules cover the surface and do
not form three-dimensional crystallites, we have per-
formed atomic forcemicroscopy (AFM)measurements.
In Figure 1b an AFM topography image of 0.2 ML of
[Fe(bpz)2phen] on HOPG is shown. The sample was
prepared in UHV whereas the image subsequently was
recorded under ambient conditions. In the submono-
layer regime the molecules form porous islands with
an average height of 0.7 nm (see Figure 1c), which
matches the height of a single [Fe(bpz)2phen] mole-
cule. No formation of three-dimensional structures is
observed. Although the AFM measurements were
performed ex-situ and thus do not necessarily reflect
the structure of molecular layers in a vacuum, we can
conclude that the complexes are forming a molecular
layer and that molecules of the first layer are in direct
contact with the surface.
The spin state of the adsorbed molecules was mon-

itored by means of X-ray absorption (XA) spectroscopy
at the Fe L2,3 edges providing submonolayer sensitivity

Figure 1. Sketch (a) of the molecular structure of [Fe(bpz)2phen] and arrangement of the 3d electrons in the HS and LS state.
AFM topography image (b) of 0.2 ML of [Fe(bpz)2phen] on HOPG and line scan (c) across themolecular island along the black
line in (b).
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and clearly distinguishable HS and LS spectra. The
measurements were carried out with reduced X-ray
photon flux to minimize the effect of soft X-ray-
induced excited spin-state trapping (SOXIESST)24,25

below T = 70 K. Figure 2 shows the temperature- and
light-induced spin-state switching of 0.4 ML of
[Fe(bpz)2phen] on HOPG. Fe L2,3 XA spectra recorded
at room temperature (red line) and T = 6 K (blue line)
are distinctly different. In order to minimize the effect
of SOXIESST, the latter spectrum was measured on a
virgin position that had not been exposed to X-rays
before. After illumination with green light for 34 min
(Setup A, cf. Methods) at low temperature (green line),
the Fe L2,3 XA spectrum changes completely its shape
and closely resembles the one recorded at 300 K. At
room temperature and after illumination the Fe L3
edge is composed of a double-peak structure with
peaks at 708.4 and 709.1 eV. Before illumination at 6 K a
single peak at 709.7 eV and a satellite peak at 711.8 eV
are observed. The integrated intensity of the Fe L3 edge
with respect to the total integrated intensity, i.e., the
branching ratio, is 0.77(2) at room temperature, 0.67(2)
at 6 K, and 0.79(2) after illumination at low tempera-
ture. The shift of the Fe L2,3 resonance intensity toward
higher photon energies, the change in line shape, and
the reduction of the branching ratio are characteristic
of a HS-to-LS transition and have been observed for
similar SCO complexes.17,22,26 In a qualitative way the
spectral changes between the HS and LS Fe L3 XA
spectra can be explained within a one-electron model
inwhich XAS probes the unoccupied eg and t2g orbitals.
In theHS state both eg and t2g levels have 2 holes giving
rise to a double-peak feature in the spectrum. In the LS
state only the eg levels contain holes, resulting in a
single peak. However, in a realistic picture the multi-
electron nature of the initial and final state has to be
taken into account, giving rise to a pronounced multi-
plet fine structure of the resonances as it is described
within the atomic multiplet calculation presented in

the Supporting Information. The differences between
the HS spectra at room temperature and at 6 K after
illumination are attributed to the different thermal
population of HS states closely spaced in energy and
are reproduced by the calculations.
In contrast to SCO complexes adsorbed on

Au(111),14,15,22 the spin transition appears to be vir-
tually complete at submonolayer coverage. Thus, the
SCO transition is not hindered by the direct contact of
the molecules with the HOPG substrate. This different
behavior can be attributed to a weaker molecule�
substrate interaction on HOPG compared to Au(111),
preserving the integrity of the molecule.
When cooling the sample from room temperature

down to T = 6 K, the Fe L3 XA spectra change gradually
from the HS to the LS spectra (see Supporting
Information). To determine the HS fraction, the spectra
shown in Figure 2 were used as a reference and each
spectrum was fitted as a linear combination. In the
temperature range between 300 and 65 K the HS
spectrum at 300 K and the LS spectrum at 6 K and in
the temperature range below 65 K the HS spectrum at
6 K and the LS spectrum at 6 Kwere used as a reference.
The HS spectrum after illumination at T = 6 K was
defined as 100% HS, since the time constant of the
metastable HS state was determined to be 21 h (see
below) and the cross-section for exciting a HS-to-LS
transition (reverse LIESST) is typically 3 orders of mag-
nitude lower than LIESST exciting the metal-to-ligand
charge-transfer band. The LS spectrum shown in
Figure 2 was measured on a virgin position and thus
contains minimum SOXIESST. This was defined as
100% LS. The HS fraction of the spectrum at 300 K
(91%) is obtained from the fit of a thermo-dynamical
model without cooperative effects as described below.
By comparison to the calculated spectra of pure HS and
LS configuration (see Supporting Information), the
resulting systematic errors are estimated to be smaller
than 5%. The fraction of HS molecules as a function of
temperature is plotted in Figure 3. Between 300 and
70 K it gradually decreases, as is expected for a thermal
spin transition. Below 70 K the HS fraction increases
with decreasing temperature, which can be attributed
to SOXIESST.24,25

The temperature at which half of the molecules are
in the HS state is T1/2 = 162(4) K, which is the same
within error as for the bulk system.27 The width of the
transition defined as the difference between the tem-
peratures at which 80% of the molecules are in the HS
and LS states, respectively, is ΔT80 = 83(6) K. This is
lower than for a submonolayer of [Fe(NCS)2L] on
HOPG,17 suggesting a higher uniformity in the inter-
molecular and molecule�substrate interactions. With
respect to [Fe(bpz)2phen] bulk material14,27,28 the
width of the transition is strongly increased due to
the lack of cooperativity between the molecules in the
submonlayer during the transition. Indeed, the thermal

Figure 2. Temperature-dependent Fe L2,3 XA spectra of
0.4 ML of [Fe(bpz)2phen] on HOPG. Spectra before and after
illuminating the samplewith green light at T=6K are shown
in blue and green, respectively.
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spin transition can be described by a model without
cooperative interactions between the molecules. The
transition is driven by the difference in entropy ΔS
between the HS and LS states, which is a consequence
of the higher number of accessible vibrational states
and the higher spin multiplicity of the HS state. With
ΔH and R being the enthalpy difference between the
HS and LS states and the gas constant, respectively, the
fraction of HSmolecules is calculated from the thermo-
dynamic equilibrium condition as3

γHS(T) ¼ (eΔH=(RT ) � ΔS=Rþ1)�1 (1)

Fitting this model to the experimental data shown in
Figure 3 (black solid symbols) yields ΔS = 45(3) J K�1

mol�1 and ΔH = 7.2(5) kJ mol�1, which are slightly
lower than in the bulk material.27 Since both the
interaction between molecules as well as between
molecules and the surface is expected to be low, the
molecules are likely to be mobile at submonolayer
coverage, dynamically forming islands and two-
dimensional gas-like phases at ambient temperatures.
Identical spectra are obtained after cycling betweenHS
and LS states, which indicates that always the same
macroscopic state is reached.
After illumination with green light for 39 min (Setup

A, cf. Methods) at 6 K the molecules are in the HS state
due to LIESST. At T = 6 K the relaxation to the LS state is
very slow: waiting for 12.3 h without illumination
resulted in a HS fraction of 0.56 corresponding to a
time constant of 21 h. This value is significantly lower
than for the bulk material where a HS fraction of 0.96
was observed after waiting for 12 h at T = 10 K.27 The
difference may be ascribed to the higher degree of
freedomof the complexes in themolecular layer or to a

structural distortion of the molecules due to the inter-
actionwith the surface. A destabilization of theHS state
at low temperatures was also observed for ultrathin
films of [Fe(bpz)2phen] on Au(111).20

We have measured the relaxation to the LS state
while heating the sample from 6 to 74 K with a heating
rate of 4 K/min after illumination. The Fe L3 XA spectra
change gradually from the HS to LS spectrum (see
Supporting Information). The fraction of HS molecules
is determined by fitting a linear combination of the HS
spectrum at 6 K and the LS spectrum at 6 K, shown in
Figure 2. The fraction of HS molecules as a function of
temperature, shown in Figure 3 (green symbols), de-
creases rapidly with temperature, so that at 65 K all
molecules are in the LS state. Fitting the relaxation data
to an Arrhenius law according to

γHS(t) ¼ e�A
R t

0
e�Ea=(RT(t))dt (2)

with T(t) being the temperature as a function of time,
leads to an effective energy barrier Ea= 789(90) Jmol�1

and a pre-exponential factor A = 0.032(9) s�1. The
effective barrier height is about a factor of 2.6 lower
than in the bulkmaterial,27 again indicating that the HS
state is destabilized on the HOPG surface. Note that the
fit using eq 2 is purely phenomenological, since the
underlying mechanism of the HS-to-LS relaxation with
increasing temperature is quantum tunneling via ther-
mally activated vibrational levels.3 The value of the
prefactor as determined by the fit is close to 0.05 s�1

found for bulk material.27

We have studied the photochromic response of
0.4 ML of [Fe(bpz)2phen] on HOPG by recording the
Fe L3 XA spectrum at T= 6K as a function of exposure to
green light of 520 nm wavelength and a flux density
of φ = 4.2(8) � 1014 photons s�1 mm�2 (Setup A, cf.
Methods). This wavelength was chosen based on
UV�vis spectroscopy measurements of a thin film of
[Fe(bpz)2phen] on glass presented in ref 10. In the LS
state, the complex shows a broad absorption band
from 480 to 640 nm. Again, the HS fraction of the
individual spectra is determined by fitting linear com-
binations of the pure HS (6 K) and LS (6 K) spectra
(Figure 2) and is shown in Figure 4. The spin conversion
is highly efficient with a time constant of τ = 20.4(7) s.
This corresponds to an effective cross section of σeff =
(φτ)�1 =0.012(3) Å2. Comparing to thevalueσ=0.137Å2

found for bulk,10,20 one has to consider the decrease in
intensity of the green light in the proximity of the
surface. For HOPG the superposition of incoming and
reflected light results in a reduction in intensity by
about a factor of 4 at the position of the molecule.29

The spin-state switching is fully reversible: after heat-
ing the sample to 65 K themolecules switch back to the
LS state (see Figure 3).
To monitor the magnetic properties we have per-

formed X-ray magnetic circular dichroism (XMCD)

Figure 3. Fraction of HS molecules as a function of tem-
perature during cooling the sample without illumination
(black solid symbols) and after saturation of the light-
induced HS state during heating the sample (green solid
symbols). The temperature-induced SCO is fitted with a
model without cooperative interactions between the mol-
ecules (black line). The relaxation of the light-induced HS
state is fitted with an Arrhenius law (green line). Below 70 K
(black open symbols), the molecules undergo an X-ray
induced transition to the HS state caused by the
measurement.
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measurements in an external magnetic field of 5.9 T at
a temperature of 6 K. The XMCD signal, i.e., the
difference in absorption of left- and right-circularly
polarized X-rays, is directly proportional to the magne-
tization of the molecules. The Fe L2,3 XA and XMCD
spectra of 0.4 ML of [Fe(bpz)2phen] on HOPG are
shown in Figure 5. Before illumination (blue lines),
the Fe L2,3 XA spectrum (top panel) corresponds to
the LS, S = 0, state, which would yield a null XMCD
signal. The measured dichroism, however, presents a
tiny amplitude, as small as 5% of the XA signal. This is a
consequence of SOXIESST during the measurement,
which can not be fully suppressed at low temperatures.
After illumination with green light of 520 nm wave-
length (Setup B, cf. Methods) for 46 min (red lines), a
clear XMCD signal is visible similar to the one observed
for a thin film of [Fe(bpz)2bipy] on Au(111).22 Due to a
much lower flux density compared to the data shown
in Figure 4, the HS fraction after illumination, deter-
mined by fitting the XA spectrum with the XA data of
the HS (6 K) and LS (6 K) states shown in Figure 2, is 0.75.
However, the XMCD signal only stems from HS mol-
ecules and thus reflects their magnetic properties. The
XMCD measurements demonstrate the magnetic nat-
ure of the difference between the two electronic states

and prove that the Femagneticmoment is switched by
green light.

CONCLUSIONS

We have shown that the magnetic moment of
[Fe(bpz)2phen] molecules that are in direct contact
with an HOPG surface can be switched on by illumina-
tionwith green light at T= 6 K, and offby increasing the
temperature to 65 K. The light-induced switching
process is highly efficient with a time constant of
20.4(7) s at a flux density of 4.2(8) � 1014 photons s�1

mm�2 leading to a complete spin conversion from the
LS to the HS state within a submonolayer of molecules.
[Fe(bpz)2phen] complexes thus preserve their spin
switching capabilities even when immobilized on a
graphite substrate. This is of considerable interest with
respect to optical control in molecular spin electronics.

METHODS
All XA experiments were performed at the high-field diffrac-

tometer of the beamline UE46-PGM1 at BESSY II providing
linearly and circularly polarized X-rays with 99% and 85%
degree of polarization, respectively, at the third harmonic of
the undulator. The energy resolution was set to approximately
150 meV. The photon flux was reduced by a factor of 15 by
means of a 3 μm thick Al foil inserted into the beam tominimize
X-ray-induced spin-state switching of the molecules below T =
70 K. The photon flux density at the position of the sample was
then about 109 photons s�1 mm�2 with a spot size of about
1 mm2. Besides the reversible LS to HS conversion due to the
SOXIESST effect, no irreversible time-dependent modifications
of the XA spectrawere observed.We can thus exclude radiation-
damage effects for the presented measurements. The XA signal
was recorded in total electron yield (TEY) mode measuring the

drain current of the sample as a function of photon energy. This
signal was normalized to the TEY of a gold grid upstream to the
experiment. For the measurements presented in Figure 5 the
signal of the refocusing mirror was used for normalization. The
resulting spectra were normalized to the spectra of a clean
HOPG substrate without adsorbed molecules. XA spectra were
recorded at themagic angle of incidence, that is, 54.7� and 35.3�
between the k vector of the X-rays and the surface when using
linearly p-polarized and circularly polarized X-rays, respectively.
At this angle the XA resonance intensities are independent of
the orientations of the molecular orbitals.
[Fe(bpz)2phen] was synthesized according to the litera-

ture.28 High quality (ZYA) 12 mm � 12 mm � 2 mm HOPG
substrates exhibiting a mosaic spread angle of 0.4(1)� were
purchased from Structure Probe. A clean HOPG surface was
prepared by cleaving an HOPG substrate at a pressure of

Figure 5. Fe L2,3 XA and XMCD spectra of 0.4 ML
[Fe(bpz)2phen] on HOPG before illumination and after
illumination with green light. The spectra are measured in
an applied magnetic field of 5.9 T at a temperature of 6 K.

Figure 4. Fractionof HSmolecules as a function of exposure
to green light at T = 6 K and fit of an exponential model to
the data after correction for SOXIESST.
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10�6 mbar by means of a carbon tape. [Fe(bpz)2phen] was
evaporated in UHV at a pressure of about 2� 10�9 mbar from a
tantalum Knudsen cell at about 435 K and deposited onto the
substrate held at room temperature. All XAS and XMCD mea-
surements were carried out at a pressure of about 5 � 10�11

mbar. Coverages were estimated by using a quartz microba-
lance and the integrated Fe L3 resonance intensity. Following
the procedure described in ref 14, the Fe XA signal was
compared to that of an Fe octaethyl-porphyrin (Cl)/Cu(001)
reference sample, which had been measured both with STM
and XAS.30 An areal density of 0.82 Fe ions/nm2was assumed for
one ML. The XA intensity ratio between HOPG and Cu(001)
substrates in the pre-edge region of the Fe L3 edge has been
determined by XA measurements under identical conditions
with normalization to the gold grid. Clean HOPG and Cu(001)
substrates show X-ray absorption intensities different by a
factor of 0.78(8) at 700 eV photon energy. With increasing
coverage the background signal of Cu(001) increases, due to
the decrease in work function, whereas the background signal
of HOPG remains unchanged. For a coverage of one monolayer
the intensity ratio between these two substrates is 0.61(7) .
AFM was performed on a Nanotec Cervantes instrument

using the tapping mode of a Si cantilever with a stiffness of
2.7 N/m at a resonance frequency of 75 kHz. These measure-
ments have been carried out in ambient conditions after
preparation of the sample in vacuum by the same procedure
as for the XA experiments. Illumination was carried out by
means of a green LED with a wavelength of λ = 520 nm and a
full width at half-maximum (fwhm) of 30 nm (Setup A). The
radiated optical power was about 400 mW. The light was
collimated by an aspherical and a spherical lens with a focal
length of 32 and 500 mm, respectively. The light entered the
UHV chamber through a window in a distance of 575 mm from
the sample. The flux density at the sample position was φ =
4.2(8) � 1014 photons s�1 mm�2. For the measurements pre-
sented in Figure 5 a different optical setup was used (Setup B).
The white light of a 1000 W arc lamp was filtered by an infrared
water filter, a cold-light mirror and an interference filter with a
wavelength of 520 nm and a fwhm of 10 nm. The flux density
was about 2 orders ofmagnitude lower than the one of Setup A.
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