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Introduction

The spin state of transition-metal complexes is determined
by the central atom, its oxidation state, and the type of li-
gands. In spin-crossover (SCO) complexes, the ligands have
moderate ligand-field strengths, and therefore, the metal
atom may possess different spin states at comparable ener-
gies, which can be occupied as a function of temperature.
Importantly, these spin states can also be changed by exter-
nal stimuli, such as light, pressure, or magnetic field.[1–10] Al-
ternative spin-switching mechanisms in transition-metal
complexes involve change of coordination number[11–14] or
conformation[15–16] and charging the ligands coordinated to

the metal center.[17] The large number of possibilities to ma-
nipulate the spin state underscores the prominent role of
spin-switchable complexes in the area of molecular switches.

To date, spin-state switching of SCO complexes has
mostly been demonstrated in powder samples.[1,18, 19] An at-
tractive option with respect to possible applications is to
prepare spin-crossover systems as thin films. Following this
idea, Langmuir–Blodgett films,[20] self-assembled monolay-
ers,[21] and spin-coated[22] films of SCO complexes have been
investigated. To obtain high-quality thin films of SCO com-
plexes, which may be incorporated into devices,[2] it is desir-
able to prepare them by vacuum deposition.[23–29] A detailed
structural characterization of these systems is necessary, be-
cause even small structural changes of the deposited SCO
molecules may strongly alter their properties in comparison
to the bulk, which in turn will seriously affect their capabili-
ty to function as spin switches.

Herein, we investigate the structure of vacuum-deposited
ultrathin films of the SCO molecule iron–bis(dihydrobis(pyr-
azolyl)borate)-1,10-phenanthroline, [Fe ACHTUNGTRENNUNG(bpz)2(phen)],[19,30,31]

on AuACHTUNGTRENNUNG(111), for which electron-induced excited spin-state
trapping (ELIESST) has been reported recently.[24] To this
end submono-, mono-, and multilayers of [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)]
molecules are deposited on Au ACHTUNGTRENNUNG(111) substrates under differ-
ent conditions and characterized by using near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy and scan-
ning tunneling microscopy (STM). As was shown by
NEXAFS, coverage of [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] greater than one
monolayer exhibits a thermal spin transition in analogy to
the bulk or 400 nm thick films.[23] However, in the first layer
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on Au ACHTUNGTRENNUNG(111), the data reveal a decomposition of [FeACHTUNGTRENNUNG(bpz)2-ACHTUNGTRENNUNG(phen)] into phenanthroline (phen) and iron–bis(dihydro-
bis(pyrazolyl)borate), [FeACHTUNGTRENNUNG(bpz)2]. This was supported by
STM, which shows pairs of phenanthroline molecules cover-
ing the AuACHTUNGTRENNUNG(111) surface after deposition of a submonolayer
of [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] on a gold substrate kept at room tem-
perature. Submonolayer vacuum deposition of this com-
pound on a gold substrate heated to 100–150 8C, on the
other hand, leads to an ordered phase of [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)]
molecules, which can be switched reversibly between high-
and low-spin (HS and LS, respectively) states by the ELI-
ESST effect (see above).

Results and Discussion

X-ray absorption data : Thermal and X-ray induced spin-
state switching : Thermal spin crossover of the complex [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] adsorbed on Au ACHTUNGTRENNUNG(111) is observed if the cover-
age exceeds one monolayer (ML). This was indicated by
NEXAFS spectra at the Fe L3 edge of 1.6 ML deposited at
room temperature, which shows clear evidence of a peak at
709.6 eV coming up at temperatures around 90 K (Fig-
ure 1 a). In accordance with X-ray absorption (XRA) meas-
urements on similar SCO complexes,[28,29, 31] this peak is asso-
ciated with the LS state of the [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] complex.
Importantly, the relative fraction of this state is strongly re-
duced both at higher and lower temperatures. The reduction
of the LS fraction at higher temperatures is in agreement
with the thermal spin-crossover behavior of [FeACHTUNGTRENNUNG(bpz)2-ACHTUNGTRENNUNG(phen)], exhibiting a spin-transition temperature T1/2 of
165 K.[19,30, 31] The reduction of the LS fraction at lower tem-
peratures than 90 K is associated with an excitation of the
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] complex to the HS state by X-ray irradia-
tion (see below).

When the coverage is below one ML, no variation of the
Fe L3 line shape with temperature was observed (Fig-
ure 1 b). This shows that between 5 and 300 K, the Fe ions
are conserved in one electronic state (FeII HS, see below) at
these submonolayer coverages, and that the thermal spin
crossover observed in the 1.6 ML sample has to be confined
to molecules in the second monolayer. Furthermore, the line
shape of the monolayer spectra is different from that of the
1.6 ML sample, indicating that the electronic configurations
of the Fe ions in the first and second molecular layer are dif-
ferent.

For a measure of the fraction of molecules in the HS
state, we use the intensity ratio of the X-ray absorptions at
708.1 and 709.6 eV, which are representative for HS and LS
molecules, respectively (arrows in Figure 1 a). Its variation
with temperature of the 1.6 ML sample is presented in
Figure 2 during both heating and cooling of the sample.

Starting from ambient temperature, the intensity ratio grad-
ually decreases towards a minimum at 90 K and then in-
creases again at lower temperatures. The behavior above
90 K corresponds to a thermal spin-crossover transition,
which is incomplete even at 300 K. We tentatively attribute
the more gradual characteristics compared to the bulk mate-
rial[19,23,30] to a lack of cooperative interactions, which ac-
count for steeper spin transitions in crystalline matrices. The
behavior below 90 K is in contradiction to the thermal spin-
crossover characteristics of [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)], which would
correspond to a LS state in this temperature regime.[19,23, 30]

Radiation damage can be excluded as a possible cause, be-
cause the behavior of the spectral line shape with tempera-
ture is reversible (Figure 2). The increase of the HS fraction
below 90 K thus has to be explained by soft X-ray-induced
excited spin-state trapping (SOXIESST), that is, illumina-
tion by soft X-rays during the absorption measurements
leads to a photon-induced transition to the HS state, as has
been observed for [FeACHTUNGTRENNUNG(phen)2 ACHTUNGTRENNUNG(NCS)2] molecular crystals[32]

Figure 1. Isotropic Fe L3 NEXAFS spectra recorded at the magic angle
of incidence of 54.78 at 300, 90, and 5 K of a) 1.6 ML and b) 0.8 ML of
[Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] on Au ACHTUNGTRENNUNG(111). Arrows indicate the energies representative
of molecules in the HS and LS states.

Figure 2. Fe L3 NEXAFS intensity ratio at 708.1 and 709.6 eV photon
energy plotted over temperature for cooling (*) and heating (*) the
sample with a rate of 4 K min�1.

Chem. Eur. J. 2013, 19, 15702 – 15709 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 15703

FULL PAPER

www.chemeurj.org


and for thick films of [FeACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(bipy)].[29] This effect is simi-
lar to the phenomenon of light-induced excited spin-state
trapping (LIESST), in which a LS to HS transition is in-
duced by visible light at low temperatures. For both SOX-
IESST and LIESST, back relaxation of the excited HS state
to the LS ground state is very slow at low temperatures. Im-
portantly, a LIESST effect has been detected in [FeACHTUNGTRENNUNG(bpz)2-ACHTUNGTRENNUNG(phen)] between 10 and 40 K in thicker films,[23] that is, in
a similar temperature interval in which in the NEXAFS ex-
periment the SOXIESST effect is observed.

The absence of any thermally or X-ray-induced SCO
switching in the submonolayer indicates that the molecules
are chemically modified due to the interaction with the Au-ACHTUNGTRENNUNG(111) substrate. As will be shown in the following sections,
the [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] molecule dissociates into the four-coor-
dinate complex [FeACHTUNGTRENNUNG(bpz)2] and phen on the Au ACHTUNGTRENNUNG(111) surface.

Fragmentation of [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] on gold : To probe the
structure of the adsorbed iron complexes on AuACHTUNGTRENNUNG(111),
NEXAFS spectra of a submonolayer and a multilayer of
[Fe ACHTUNGTRENNUNG(pbz)2ACHTUNGTRENNUNG(phen)] are compared in Figure 3 to spectra of the
four-coordinate complex without phenanthroline, [FeACHTUNGTRENNUNG(bpz)2],
prepared separately and also deposited on AuACHTUNGTRENNUNG(111) by evap-
oration. Spectra were recorded at an angle of incidence be-
tween the X-ray wave vector and the surface of 54.78, at
which the intensity is independent of the molecular orienta-
tion.

The isotropic Fe L2,3 spectrum of the multilayer of [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] (Figure 3 a, dashed line) exhibits a pronounced
multiplet structure, which is typical of an FeII HS configura-
tion.[33] In the data of the submonolayer (dotted line), the
multiplet structure is smeared out; nevertheless, the posi-
tions of the L3 and L2 resonances and their relative intensi-
ties are similar to the multilayer result. This indicates that
the spin and the oxidation state of the Fe ions are not modi-
fied upon adsorption. The change in line shape may rather
be attributed to a change of coordination. This hypothesis is
supported by the fact that the data of the four-coordinate
complex [Fe ACHTUNGTRENNUNG(bpz)2] (solid line) fully match the submonolay-
er data of [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)], which in turn suggests that the
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] complex dissociates in the first layer on
AuACHTUNGTRENNUNG(111) into [Fe ACHTUNGTRENNUNG(bpz)2] and phen. In contrast to the six-co-
ordinate complex [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)], which exhibits spin-
crossover behavior, the four-coordinate complex [FeACHTUNGTRENNUNG(bpz)2]
is in the HS state at all temperatures (Figure S1 in the Sup-
porting Information). This also explains the temperature-in-
dependent NEXAFS spectrum found for the submonolayer
of [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] on AuACHTUNGTRENNUNG(111) (see above, Figure 1 b).

Further support for this conclusion is provided by
NEXAFS data at the N K edge (Figure 3 b). The multilayer
data of [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] (dashed line) exhibit three p* reso-
nances at 399.1, 400.8, and 401.4 eV. Again, a similar spec-
trum was obtained for the submonolayer (dotted line). How-
ever, for the four-coordinate complex [FeACHTUNGTRENNUNG(bpz)2] (solid line),
no peak at 399.1 eV was observed. Therefore, this feature
can safely be attributed to the two nitrogen atoms of the
phen ligand, which is missing in this complex. The resonan-

ces at 400.8 and 401.4 eV, on the other hand, stem from the
four nitrogen atoms of the bpz ligands.

Spectra of the boron K edge (Figure 3 c) corroborate the
results obtained from the iron and nitrogen edges. Also in
this case, the spectra of [FeACHTUNGTRENNUNG(bpz)2] and the submonolayer of
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] are very similar, whereas for a multilayer
of [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] a qualitatively different spectrum was
obtained. This again indicates that fragmentation of [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] occurs when the complex is in direct contact
with the Au substrate. The change of the boron XRA spec-
trum might thereby be induced by a direct contact between

Figure 3. Isotropic NEXAFS spectra of a) iron L2,3, b) nitrogen K, and
c) boron K transitions recorded at the magic angle 54.78 at a temperature
T= 300 K. Dotted, dashed, and solid lines indicate data from 0.8 and
4.5 ML of [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] and 1.3 ML [Fe ACHTUNGTRENNUNG(bpz)2], respectively, on Au-ACHTUNGTRENNUNG(111). The latter two have been scaled down in intensity for better com-
parison.
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the boron atoms and the Au surface based on an adsorption
geometry of [Fe ACHTUNGTRENNUNG(bpz)2] inferred from STM (see below).

The similarity of the spectra of the submonolayer of [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] and [Fe ACHTUNGTRENNUNG(bpz)2] at all three absorption edges
(besides the phen peak in the N K edge) thus suggests cleav-
age of the phenanthroline ligand as the relevant fragmenta-
tion process. As can be concluded from the presence of the
p* resonance at 399.1 eV, in the N K spectrum of 0.8 ML
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)], however, the phen ligand remains on the
surface. The orientation of the phenanthroline fragment can
be determined from angle-dependent N K NEXAFS spectra
of 0.8 ML of [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] on Au ACHTUNGTRENNUNG(111) (Figure 4). Al-

though the two nitrogen p* resonances of the bpz ligand
only exhibit a weak angle dependence, the resonance at
399.1 eV, which is due to phen, drastically varies with the
angle between the X-ray wave vector and the surface, indi-
cating a high degree of orientation order. From a quantita-
tive evaluation of the angle dependency, an average tilt
angle of phen of (16�4)8 with respect to the surface plane
was found, indicating that the molecules are lying almost
flat on the surface. Such orientation again corroborates the
cleavage of the phen ligand, because it is not compatible
with the three-dimensional structure of the intact molecule.

STM data : For a microscopic characterization, [FeACHTUNGTRENNUNG(bpz)2-ACHTUNGTRENNUNG(phen)] and its fragments were investigated with STM under
ultrahigh vacuum conditions. At ambient temperature,
stable imaging of the prepared layers was not achieved.
Therefore, below we only present data that were recorded
at a temperature of 5 K.

Layers prepared at ambient temperature : Figure 5 displays
typical STM images of surfaces prepared at ambient temper-
ature. The overview in Figure 5 a shows rather irregular mo-
lecular chains on a Au ACHTUNGTRENNUNG(111) surface. Closer inspection re-
veals that these chains are comprised of two distinct units
(Figure 5 b). We observe four-lobed structures and pairs of
bean-shaped features (apparent heights ca. 600 and 230 pm,
respectively). Based on the symmetries of these structures in

the STM images, we attribute these patterns to fragments of
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)], namely, four-coordinate [FeACHTUNGTRENNUNG(bpz)2] com-
plexes and dimers of phenanthroline molecules, respectively.
The lateral dimensions of the patterns are consistent with
the calculated gas-phase geometries of the corresponding
molecules shown in Figure 5 c. Apparently, [FeACHTUNGTRENNUNG(bpz)2] ad-
sorbs with two pyrazole groups almost parallel to the surface
and the remaining two pyrazole groups pointing away from
the surface (arrowheads in Figure 5 c). The observed image
contrast with two higher and two slightly lower lobes is ex-
pected for such a structure. Note that the boron atoms of
the two bpz ligands (light grey in Figure 5 c) get in close
contact with the Au surface in this geometry. The above-de-
scribed interpretations are further corroborated by data
shown below. In addition to the fragments, which can be
imaged in a reproducible fashion at low tunneling currents
(I= 35 pA), we also observed somewhat higher and unstable
structures, which may be due to intact [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] mol-
ecules, although a firm statement on this issue cannot be
made.

To test the above-discussed interpretation, we deposited
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] on the more reactive GaAs ACHTUNGTRENNUNG(110) surface at
room temperature. Due to its dangling bonds, this surface is
expected to suppress molecular diffusion. In low-tempera-
ture STM images, three distinct species were found (Fig-
ure 5 d). Two of them, a four-lobed and a bean-shaped pat-
tern, closely resemble the data from AuACHTUNGTRENNUNG(111) and thus are
attributed to [Fe ACHTUNGTRENNUNG(bpz)2] and phenanthroline. Unlike on Au,
phenanthroline molecules are found as monomers, presuma-

Figure 4. Angle-dependent N K NEXAFS spectra of 0.8 ML of [Fe ACHTUNGTRENNUNG(bpz)2-ACHTUNGTRENNUNG(phen)] on Au ACHTUNGTRENNUNG(111) recorded with linearly p-polarized X-rays.

Figure 5. Constant-current STM topographs of [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] on
a), b) Au ACHTUNGTRENNUNG(111) and d) GaAs ACHTUNGTRENNUNG(110) along with c) calculated structures of
[Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)], [Fe ACHTUNGTRENNUNG(bpz)2], and phenanthroline (phen). Compact direc-
tions of AuACHTUNGTRENNUNG(111) are indicated by arrows in a). Dotted four-lobed clover
shapes depict [Fe ACHTUNGTRENNUNG(bpz)2] and dotted bean shapes depict phenanthroline.
Arrowheads on [Fe ACHTUNGTRENNUNG(bpz)2] indicate the pyrazolyl ligands that are pointing
away from the plane of paper. Corresponding lobes in STM images are
marked with white arrowheads. One [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] molecule in d) is
indicated by a circle.
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bly due to their drastically reduced diffusion on GaAs ACHTUNGTRENNUNG(110).
The third species gives rise to approximately 0.5 nm high,
circular protrusions. Although these protrusions exhibit
some variation of their heights and shapes, spectra of the
differential conductance (dI/dV) exhibit identical features
(STS in the Supporting Information, Figure S2b). Therefore,
we tentatively attribute this species to intact [FeACHTUNGTRENNUNG(bpz)2-ACHTUNGTRENNUNG(phen)] complexes. Taking into account a variety of surface
areas, for example, the data shown in the Supporting Infor-
mation Figure S2a, we estimate that between 20 and 30 %
of all molecule-related structures on GaAs are intact [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] complexes.

To unambiguously verify that the bean-shaped features
are indeed phenanthroline molecules, we deposited pure
phenanthroline on AuACHTUNGTRENNUNG(111) surfaces at room temperature.
Although the STM images suffer from some instability of
the molecular layer, dimers are resolved (Figure 6). Their
shapes and heights (0.2 nm) match to those observed upon
deposition of [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] on AuACHTUNGTRENNUNG(111).

Layers prepared at 100 8C : When monolayer coverages of
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] are deposited at higher substrate tempera-
tures of 100–150 8C on AuACHTUNGTRENNUNG(111), more regular patterns were
obtained. Figure 7 a shows an overview of a 50 � 50 nm2 area.
Much of the surface is covered by a compact and ordered
layer (A). Besides that, less ordered areas with a lower den-
sity of features (B) were found.

A high-resolution image of the ordered structure A is dis-
played in Figure 7 b. We have previously analyzed the image
contrast and attributed it to intact [FeACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] mole-
cules.[24] The nearly threefold symmetry of the molecular
pattern, the spectroscopic features of the molecule, and the
demonstration of reversible switching between a HS and
a LS state are clear evidences for this assignment. Molecules
in adjacent rows are marked by triangles with the thick side
representing the pyrazole groups of a single bpz ligand (see

above); the triangles are rotated by approximately 668 with
respect to each other.[24]

Figure 7 c shows a less dense area (type B) at higher reso-
lution. Again, dimers of bean-shaped phenanthroline were
observed. Closer inspection revealed two types of dimers,
which are labeled NN and NH. These dimers differ by the
relative orientation of the two phenanthroline molecules. In
the NN type, the nitrogen atoms of the phenanthroline moi-
eties face each other, whereas in the NH type nitrogen
atoms of one molecule face hydrogen atoms of the other.
Given that the NH type is energetically more favorable by
7.1 kcal mol�1 (ca. 0.3 eV) in the gas phase, the abundance
of NN is remarkable (for details, see the Figure S3 in the
Supporting Information). This effect is most likely due to
the interaction of N with the Au substrate atoms. Figure 7 c
also shows the optimized geometries of NN and NH dimers
overlaid on the scaled STM image along with a grid repre-
senting the surface mesh of AuACHTUNGTRENNUNG(111). The nitrogen atoms of
NN dimers show a perfect registry with AuACHTUNGTRENNUNG(111) bridge sites
or top sites. In contrast, for NH, no registry with the Au lat-
tice is discernible.

In a previous report,[24] the bean-shaped features were in-
terpreted as being due to intact [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] with an in-
verted orientation. Based on the present detailed NEXAFS

Figure 6. a) Constant current STM topograph (V=�1.4 V, I= 50 pA) of
phenanthroline deposited on Au ACHTUNGTRENNUNG(111) at ambient temperature and re-
corded at 5 K. Instabilities in imaging are observed quite often, presuma-
bly due to high mobility of phen. NN and NH indicate different types of
phenanthroline dimers. b) Structure of NN and NH type dimers. The
structure was optimized for phenanthroline confined to two dimensions
but otherwise neglecting the substrate.

Figure 7. Constant-current STM topographs (V=�1.3 V, I =50 pA) of
[Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] deposited on Au ACHTUNGTRENNUNG(111) at 100–150 8C substrate tempera-
ture. a) Different types of packing are visible. “A” marks a dense array of
[Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)], “B” a loosely packed mixture of phenanthroline
dimers and [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)]. b) High-resolution image of phase A. Trian-
gles depict some [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] molecules. c) High-resolution image of
phase B and phenanthroline dimers. A dashed grid depicts the AuACHTUNGTRENNUNG(111)
surface mesh. Some [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] molecules are depicted by triangles.
NN and NH represent two types of phenanthroline dimers. Close to [Fe-ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] molecules in phase B phenanthroline dimers are ordered
with a unit cell indicated by a dashed rectangle.
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and STM data, this model has to be revised. Significant frag-
mentation of the adsorbed molecules occurs. The bean-
shaped features are in fact due to phenanthroline dimers, as
was evidenced by imaging surfaces that had been exposed to
the phenanthroline alone.

In less densely packed areas (e.g., Figure 7 c), the concen-
tration of phenanthroline dimers is high. Therefore, we con-
sidered the possibility that the entire surface may be cov-
ered with dimers, and intact [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] is located on
top of such a layer. However, this scenario appears to be un-
likely. In the top right corner of Figure 7 c, a single [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] molecule is surrounded by three phenanthro-
line dimers. Models of the latter molecules are overlaid.
From the lateral dimensions of the dimers, it is clear that
there is not enough space for a dimer underneath the [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] molecule. A similar conclusion is reached for
the structures in the left half of the image. We observe pairs
of intact [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] complexes that are surrounded by
phenanthroline dimers. These dimers do not leave enough
space for a dimer underneath each of the [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)].
It should be noted that in both structures, the presence of
a single phenanthroline underneath [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] cannot
be excluded. As to the apparent heights of [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)]
with respect to the Au ACHTUNGTRENNUNG(111) substrate, we observed essential-
ly identical values (650 pm) from single [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)]
molecules, from pairs of these complexes, and from mole-
cules in the densely packed structure of Figure 7 a. This indi-
cates that the height of [FeACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] with respect to the
substrate is most likely identical in these three cases.

STM images of layers prepared at 100 8C did not show
clearly resolved features that could be attributed to [Fe-ACHTUNGTRENNUNG(bpz)2], which was found to be rather abundant in the films
prepared at ambient temperature. However, a rather trivial
reason may account for this observation. On all surfaces
prepared, stable imaging was possible only in some areas.
The missing [Fe ACHTUNGTRENNUNG(bpz)2] may have aggregated in the less
stable areas and thus have escaped detection.

Finally, we demonstrate switching of the spin state of [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] in the ordered, low-density structure of Fig-
ure 7 c. The procedure is identical to the one presented in
Ref. [24]. Figure 8 shows a sequence of STM images. Be-
cause the spin-transition temperature of free [FeACHTUNGTRENNUNG(bpz)2-ACHTUNGTRENNUNG(phen)] is approximately 165 K (Figure S1 in the Supporting
Information),[19,23,30] molecules imaged at 5 K are expected
to be in a LS state. Switching to HS is induced by increasing
the sample voltage to V= 3 V at an arbitrary molecule
(circle in Figure 8 a) for a sub-second time interval while
maintaining the tip-sample distance constant. A subsequent
STM image (Figure 8 b) reveals six molecules (indicated by
arrows) at remote locations, the apparent height of which
has increased by approximately 200–300 pm depending on
the sample bias polarity. This drastic change reflects the
modified electronic structure of the HS state.[24]

Notably, the switching from LS to HS occurs for mole-
cules in a nanometer distance from the position of the STM
tip. This “remote” switching process is analogous to the case
of DMSO on Au ACHTUNGTRENNUNG(111), in which hot electrons injected from

the tip are laterally transported by surface resonances at the
AuACHTUNGTRENNUNG(111) surface, inducing dissociation over distances up to
100 nm from the injection point.[34] As an alternative explan-
ation, a field-induced process has been considered.[35, 36]

However, this mechanism was not found to be compatible
with the experimental findings on our system.[24] In contrast
to the LS!HS switching, the reverse process may be selec-
tively induced on a given HS molecule (marked with dashed
circles in Figure 8 c and d) with V= 1.6 V, demonstrating
again the presence of single-molecule spin-state switching in
the ordered monolayers of [FeACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] on AuACHTUNGTRENNUNG(111).

Conclusion

In the preceding sections, NEXAFS and STM have been
employed to investigate ultrathin films of [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)]
complexes deposited on AuACHTUNGTRENNUNG(111) surfaces by vapor deposi-
tion in UHV. As was evidenced by NEXAFS, molecules of
the second layer exhibited a thermal spin-crossover transi-
tion, although with more gradual characteristics compared
to the bulk material. This behavior of our ultrathin films
most probably is due to a lack of cooperative interactions,[23]

which in crystalline matrices account for the steep spin-tran-
sition curves observed experimentally. Below 90 K, excita-
tion to the high-spin state is mediated by the SOXIESST
effect, which is in agreement with other examples reported
in the literature.

All of the described properties are absent for the first
monolayer and submonolayers of [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] deposit-

Figure 8. Constant-current STM topographs (V =�1.5 V, I=50 pA) of
phase B of [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] on Au ACHTUNGTRENNUNG(111). A voltage pulse (2.8 V) was ap-
plied at the position indicated by a circle in a). The consecutive image
b) shows six bright molecules labeled by arrows. These bright molecules
are assigned to the high-spin state of [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)].[24] The following
frames c) and d) show switching of single molecules (depicted by dashed
circles) from the HS state to the original LS state.
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ed on AuACHTUNGTRENNUNG(111) substrates at room temperature. As was evi-
denced by NEXAFS, these molecules exhibited a different
electronic structure compared to that of the intact six-coor-
dinate complex, which in addition is not temperature depen-
dent. Combined evidence from NEXAFS and STM indi-
cates that upon adsorption of [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] on a AuACHTUNGTRENNUNG(111)
substrate kept at room temperature, this molecule dissoci-
ates into a four-coordinate complex, [FeACHTUNGTRENNUNG(bpz)2], and a phen
molecule, which is lying flat on the surface. For the [Fe-ACHTUNGTRENNUNG(bpz)2] complex, which is quasi-tetrahedral in the gas phase,
an adsorption geometry is proposed, in which two of the
pyrazole moieties are parallel to the surface, whereas the
two other pyrazole moieties are perpendicular to the sur-
face, giving rise to four-lobed clover-shaped structures in the
STM. In this structure, the boron atoms of the two bpz li-
gands get in close contact with the gold surface, which ac-
counts for the drastic change in the boron NEXAFS spec-
trum upon going from a multilayer to a submonolayer of
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] and to the four-coordinate complex [Fe-ACHTUNGTRENNUNG(bpz)2], respectively.

Remarkably, the observed fragmentation process repre-
sents the reversal of the synthetic procedure, by which [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] is prepared, that is, reaction of [FeACHTUNGTRENNUNG(bpz)2] with
phen. As was found experimentally, surface-deposited [Fe-ACHTUNGTRENNUNG(bpz)2] can also react with phen in a solid-state reaction to
form [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] (Figure S4 in the Supporting Informa-
tion). On the other hand, thermal analysis (DTA-TG) of
[Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)], phen, and [KACHTUNGTRENNUNG(bpz)] with concomitant
mass spectrometric detection (Figure S5a and b in the Sup-
porting Information) show that [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)] should be
intact in the gas phase and thus also support a surface-in-
duced ligand-dissociation process. We speculate that a similar
scenario might also occur in the related compound [Fe-ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(bipy)] when directly adsorbed on Au ACHTUNGTRENNUNG(111). The re-
maining change of NEXAFS spectra reported for a submo-
nolayer of this system[29] might then be ascribed to mole-
cules already adsorbing in the second layer. For thicker
vacuum-deposited films of [FeACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] and [Fe ACHTUNGTRENNUNG(bpz)2-ACHTUNGTRENNUNG(bipy)] (400–500 nm), the properties of the bulk material
are observed.[23] XRD data of vacuum-deposited multilayers
of the latter compound also showed the pattern of the bulk
material.[37]

STM investigations on ultrathin films of [FeACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)]
prepared at ambient and elevated substrate temperatures on
Au and GaAs support the fragmentation of the complex evi-
denced by NEXAFS. The phenanthroline fragments form
two types of dimers, which are stabilized by hydrogen
bridges and interaction with substrate atoms. At elevated
temperatures, ordered monolayers of intact molecules are
obtained, which gives rise to a quasi-threefold pattern origi-
nating from the bis(pyrazolyl)borate ligands. In these or-
dered structures, single-molecule spin-state switching can be
induced by the ELIESST effect, as was first reported in
Ref. [24].

Experimental Section

[Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] was synthesized as was described previously.[18] [Fe-ACHTUNGTRENNUNG(bpz)2] was obtained according to the procedure reported in Ref. [38].

Sample preparation was carried out in ultrahigh vacuum with a base
pressure of 5� 10�10 mbar. The Au ACHTUNGTRENNUNG(111) substrate was prepared by re-
peated sputtering and annealing cycles. [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] was evaporated
from a Knudsen cell at about 160 8C and deposited onto the substrate
held at RT, as well as at about 130 8C. [FeACHTUNGTRENNUNG(bpz)2] was deposited at about
120 8C onto the substrate held at RT. For the NEXAFS experiments, cov-
erages were estimated by using a quartz microbalance and the absolute
Fe L3 resonance intensity (see the Supporting Information, section 6).

X-ray absorption experiments have been performed at the beam lines
PM 3 (0.8 ML [Fe ACHTUNGTRENNUNG(bpz)2ACHTUNGTRENNUNG(phen)]; Figures 3 and 4), UE 56/2 PGM 1
(4.5 ML [Fe ACHTUNGTRENNUNG(bpz)2 ACHTUNGTRENNUNG(phen)] and 1.3 ML [Fe ACHTUNGTRENNUNG(bpz)2]; Figure 3), and UE 46
PGM 1 (Figures 1 and 2) at BESSY II. For all three beam lines, the
photon flux density was in the range of approximately
1013 photons s�1 cm�2, whereas the spot size of the X-rays on the sample
was approximately 0.15 mm2, approximately 0.25 mm2, and approximately
0.50 mm2, respectively. Energy resolutions were set to approximately
150 meV, approximately 200 meV, and approximately 300 meV at the C-
K, N-K, and Fe-L2,3 edges, respectively, except for the Fe L3 spectra re-
corded at the UE 46 PGM 1 at approximately 150 meV. Spectra were re-
corded by total electron yield measurements and normalized to a gold-
grid reference signal, as well as to the corresponding spectra of the sub-
strate without adsorbed molecules. For the measurements at the UE 46
PGM 1, the signal of the last refocusing mirror was used as reference. Be-
sides the reversible LS to HS conversion due to the SOXIESST effect, no
irreversible time-dependent modifications of the NEXAFS spectra were
observed. We thus can exclude the importance of radiation-damage ef-
fects for the presented measurements. Isotropic spectra were recorded
with linearly p-polarized X-rays at the magic angle of incidence, that is,
54.78 between the k vector of the X rays and the surface, at which the
NEXAFS resonance intensities are independent of the orientations of
the molecular orbitals.
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