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Abstract

®

CrossMark

The iron(II) spin crossover complex Fe(1,10-phenanthroline),(NCS),, dubbed Fe-phen, has
been studied with scanning tunneling microscopy, after adsorption on the ‘herringbone’
reconstructed surface of Au(111) for sub-monolayer coverages. The Fe-phen molecules attach,
through their NCS-groups, to the Au atoms of the fcc domains of the reconstructed surface
only, thereby lifting the herringbone reconstruction. The molecules stack to form 1D chains,
which run along the Au[110] directions. Neighboring Fe-phen molecules are separated by
approximately 2.65 nm, corresponding to 9 atomic spacings in this direction. The molecular
axis, defined by the two phenanthroline groups, is aligned perpendicular to the chain axis,
along the Au [221] direction, thereby bridging over 5 atomic spacings, in this direction.
Experimental evidence suggests that the molecular spins are locked in a mixed state in the
sub-monolayer regime at temperatures between 100 K and 300 K.

Keywords: molecular magnetism, spin crossover, Fe-phen, Au(111), spin state locking

(Some figures may appear in colour only in the online journal)

1. Introduction

The iron(II) spin crossover complex Fe(phen),(NCS); (phen =
1,10-phenanthroline), dubbed Fe-phen in this paper and shown
schematically in figure 1(a), belongs to some of the first known
and most extensively studied compounds of iron(II) exhibing
a high-spin state (HS) to low-spin state (LS) transition [1]. The
spin crossover (SCO) of Fe-phen is usually induced thermally:
crystals of Fe-phen exhibit a steep spin transition within a few
degrees around 175 K [1-8], with a hysteresis of <0.5 K in
width [2].
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At the origin of this spin state transition is the temperature-
dependent entropy contribution to the Gibbs—Helmholtz
equation, which is small at low temperatures so that the
enthalpically favored low-spin state is observed, and which
dominates at higher temperatures favoring the high-spin state.
Concomitant with the spin state transition is a change of
the bond lengths of the molecular ligands to the Fe(II) and
a change of the splitting of the 3d levels t,, and e,. Typi-
cally, at low temperatures, the t,—e, splitting is increased to
a point where the electronic level occupation does not fol-
low Hund’s rules anymore. The six 3d electrons of Fe(II)
then all occupy the t, level, forming an LS-state with
S = 0. Above the SCO the ty,—e, splitting is appropriately
reduced so that Hund’s rules are obeyed and the HS state with
S = 2 is formed. The SCO is, in general and for a broad range
of iron(II) SCO complexes, very susceptible to manipulation

© 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Figure 1. (a) Schematic structure of Fe(1,10-phenanthroline), (NCS),, dubbed Fe-phen. (b) STM image of the Au(111) surface at 300 K.
The ‘herringbone’ reconstruction, featuring domains of fcc and hep stacking which are separated by soliton walls, is clearly visible.

(c) Approx. 0.3 ML of Fe-phen on Au(111). Molecules appear as two-lobe structures in the images. The Fe-phen occupy the fcc sites
exclusively. (d) Near full-monolayer coverage of Fe-phen. Top: magnified area of a similar sample area, and a structure model of a fcc (111)
surface, highlighting molecular rows that are aligned along the [IIO] direction, with the molecules’ phen groups pointing along the [1 12}
direction. (e) Histogram of dphen—phen Values, defined in (a) and measured in multiple STM images. The histogram suggests a binary
distribution for dphen—phen, for two bin sizes, as shown. A double Gaussian peak is shown as a guide to the eye. Scan parameters: 600 pA,

1 V (¢) and 500 pA, 1 V (d) and magnified area.

via external parameters, as has been demonstrated in numerous
studies [9]. For instance, the SCO temperature can be manipu-
lated with magnetic fields [3], or via dipolar additives such as
p-benzoquinonemonoimine zwitterons [10, 11].

The recent demonstation of nonvolatile isother-
mal reversible voltage control of the spin state of
Fe[H,B(pz),]2(bipy), and the accompanying conductance
change [12], suggests that device applications are possible,
at room temperature. Yet the use of single molecules as
switches in high density memory devices, for example, is
only possible if the interaction of the molecules with the
supporting substrate is appropriately designed. While it is
absolutely possible to manipulate the spin state of single
molecules with the tip of a scanning tunneling microscope,
as was demonstrated by Miyamachi et al [13], it appears
that the strong molecule—substrate interaction with metallic
substrates is generally an impediment; it tends to lock the spin
state of the molecules in both the HS state and the LS state
at temperatures below and above the transition temperature
[13-16].

Several highly promising studies show that clever engi-
neering of the interface between SCO complexes and a sup-
porting substrate can in fact help to manipulate the SCO
behavior of such complexes and potentially be exploited as
a control parameter. For instance, partial electronic decou-
pling of the Fe-phen complexes from a Cu(100) substrate by
a monolayer thin CuN buffer layer helped unlock the spin
state, which made the local manipulation of the spin state pos-
sible [13]. Indeed, substrate modification is seen to have a
enormous effect of the spin crossover in Fe[H,B(pz),],(bipy)
[11, 12, 17] and the SCO complex Fe[H,B(pz),]>(phenme,)
[18]. In another study, Bernien et al have been able to dis-
cover that the SCO complex Fe(bpz),(phen) is only weakly
interacting with HOPG substrates, which they exploited to

accomplish reversible light-induced switching of the spin
state [19].

Although the fragmentation of Fe[H,B(pz),]»(phen) [20]
and Fe[H,B(pz),]>(phenmes) [21] have been observed, the
adsorption of spin crossover molecules on the surface
of gold remains of considerable interest. Specifically, the
22 x v/3—reconstructed Au(111) surface, widely known as
‘herringbone’ reconstruction, appears to be an interesting elec-
tronic template to influence the arrangement and the prop-
erties of SCO molecular adsorbates. Because of this recon-
struction, the layer stacking at the surface of Au results in
both hcp and fcc domains, which are separated by soliton
walls formed by intermediate stacking, see figure 1(b) [22,
23]. Several studies showed that the hcp and fcc domains also
exhibit different electronic properties such as different electron
potential [24] and adsorption strength [25, 26]. Adsorbates
bind preferentially to the hcp and fcc regions and typically bind
very weakly or not at all to the soliton walls [25, 27]. Among
the adsorbates that exclusively bind to the fcc-regions at low
coverage are l-nitronaphthalene molecules [28] and pristine
sulfur [29]. Sulfur adsorbates at the fcc-like regions exert pres-
sure on the soliton walls, distorting them, until the soliton
walls collapse at higher coverage, lifting the reconstruction
over extended areas.

To explore the connection between the molecular adsorp-
tion of SCO complexes on metallic substrates further, we
investigated here the adsorption of Fe-phen on the recon-
structed Au(111) surface at very low coverage. The Fe-phen
contains two NCS groups, which are expected to bind to the
Au surface with their sulfur atoms and are thus expected to
show similar site selectivity as pure sulfur atoms. This study
is thus complementary to the work by Gruber et al [30] and
Miyamachi et al [13] in which the spin state of the Fe-phen
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molecules in the first and second layer on various metallic
substrates was investigated.

2. Experimental details

The Fe(1,10-phenanthroline),(NCS), complex was synthe-
sized as described previously [31]. Molecular thin films
were deposited for this study under ultrahigh vacuum (UHV)
using a home-built Knudsen-like molecular evaporator. Sin-
gle crystal Au(111) substrates were used, which were pre-
pared under UHV following a standard procedure consisting of
repeated cycles of Ar™ ion sputtering and annealing to 650 °C.
Substrate cleanliness was checked with STM and infered from
the presence of the typical ‘herringbone’ reconstruction, as
seen in figure 1(b). Scanning tunneling microscopy (STM)
and x-ray photoemission spectroscopy (XPS) measurements
were performed in situ immediately following the sample
growth in UHV. STM measurements were carried out using
an Omicron VI-STM at room temperature. XPS measure-
ments were carried out in the same UHV system, using a non-
monochromatized Al K« x-ray source, with a photon energy of
1486.6 eV, and an SPECS PHOIBOS 150 energy analyzer. The
core level binding energies were calibrated to a gold reference,
with the Au 4f7), core level peak placed at 84 eV at room tem-
perature. The CasaXPS software was used to analyze the XPS
core level spectra. A Shirley-type background was substracted
to to obtain x-ray photoemission core level spectra peak
areas [32].

3. Results and discussion

Figure 1 shows STM images of a clean and reconstructed
Au(111) surface (b), along with a sub-monolayer coverage of
Fe-phen molecules on Au(111) (c) and a nearly full mono-
layer of Fe-phen on Au(111) (d). Each molecule appears as
two bright lobes in the images. It has been argued previously
that the Fe-phen attaches with the NCS groups to the Au
surface [13] due to the strong affinity of sulfur bonding to
Au(111)[29]. Thus, the two phenanthroline (phen) moieties of
each molecule point away from the surface, and they appear in
STM images as two lobes. From the alignment and the spacing
of the molecular phen groups we can therefore infer the align-
ment and potentially even the spin state of the molecules, as
was demonstrated by Miyamachi et al [13].

At sub-monolayer coverage of Fe-phen, of the order of
0.1-0.3 ml, figure 1(c), we observe that the molecules con-
dense into solid islands on the fcc sites of the Au(111) sur-
face. Some fraction of the molecules in these islands appears
in the second layer on top of first-layer islands, visible as
nearly white lobes, but we never observe the condensation of
molecules at the hcp-sites or on top of the soliton walls. The
herringbone reconstruction has noticeably changed as com-
pared to the reconstruction seen on the clean Au surface in
(b). It makes sense to attribute this change in reconstruction
to the chemisorption of the NCS-group containing molecules,
in analogy to the published results on sulfur adsorption on
Au(111) [29].

The crystallographic directions on the Au surface were
determined in low energy electron diffraction experiments. We
can therefore establish the adsorption geometry of the Fe-phen
molecules. Inspection of figures 1(c) and (d), and the magni-
fied area in figure 1(a), shows that often the molecules stack
to form 1D chains on the Au surface. These chains run along
the (110) directions of the Au(111) surface, whereas the two
molecular phen groups point perpendicular to the chains, along
(112). The spacing between neighboring molecules along the
chains, dH, has been determined to be d| = 2.66 &= 0.19 nm. A
comparison with the nearest neighbor distance between atoms
of Au along [110}, dig = 2.87 A, suggests that djj ~ 9 x*
di10 = 2.58 nm, or in other words, Fe-phen molecules adsorb
approximately every 9 atomic Au spacings of the surface in the
(110)-directions.

The center-to-center separation of the Fe-phen molecules,
dphen—phen 10 figure 1(a), was measured with STM on a signif-
icant number of molecules, and is shown in the histogram in
figure 1(e). The histogram is shown for 2 different bin sizes,
0.025 nm (red) and 0.05 nm (blue) to test the shape of the
distribution, given the comparatively small number of counts
per bin. Since the quantity dppen—phen 18, in principle and with
limitations, reflective of the spin state of the molecules [13],
we wanted to test whether our experimental data show the
presence of Fe-phen molecules in both spin states. Indeed,
the histograms with both bin sizes seem to suggest the pres-
ence of a double peak distribution, with two mean values
for dphen—phen Of 1.15 nm and 1.35 nm. However, we cau-
tion that this impression of a double peak could entirely be
due to poor statistics. In average, we find a mean value for
dphen—phen = 1.25 nm in the (112) directions, which corre-
sponds to a distance of five atomic spacings in this direction,
Sxdjp=5%2.48 A = 1.24 nm. The small variations in spac-
ing and the clear symmetry of the imaged molecules allow
us to confirm, consistent with prior results [13, 30], that Fe
(1,10-phenanthroline),(NCS), does not fragment on Au(111).

The Fe 2ps;; and 2p;,, core level photoemission peaks of
a full monolayer of Fe-phen on Au(111) show little change at
300 K and at 102 K, i.e. above and below the spin crossover
temperature, as shown in figure 2. The Fe 2ps/, and 2p,/, peaks
appear significantly broadened compared to those of pristine
Fe, exhibiting a characteristic shoulder on the high energy
side. Reasons for this peak broadening have been discussed
elsewhere [15, 33-36]. We performed a peak fitting proce-
dure that considers a split 2ps,, peak (1, 2) and two shake-up
satellite peaks (3, 4), together with a pre-peak (5), as shown
on the example of the 300 K data in figure 2. We find for
the 2ps;, peak splitting, however, that the higher energy peak
is of comparatively small intensity. The fits performed on
both the RT spectra and the LT spectra in figure 2 are nearly
identical.

Splitting is expected for 2p3,, XPS core level spectra of Fe
species with unpaired spin, i.e. for Fe species in the HS state,
and might be absent in the XPS spectra if the Fe species are
in the LS state due to paired spins [33, 37-39]. Because of the
complications of changing conductance with changes in spin
state, as has been seen for Fe(1,10-phenanthroline),(NCS),
[13, 30] and other spin crossover molecular complexes [8, 12,
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Figure 2. XPS Fe 2p core level spectra of a monolayer of
Fe(1,10-phenanthroline), (NCS), on Au(111) at 102 K (blue) and
300 K (red). See text for a discussion of the multi-peak fit.

40-43], potentially altering the intensities of multiplets and
potential two hole bound state photoemission satellite features,
and given that there is no Fe>* and Fe’* valence state change
across the spin crossover, XPS is not, however, a reliable
indicator of a change in spin state.

The absence of change in the XPS, over a wide range of
temperature, is, nonetheless, consistent with an absence of
molecular fragmentation and a molecular layer whose spin
state is frozen. The close proximity of the molecules to the
substrate and particularities of the binding geometry can affect
the molecular conformation, and thus determine the spin state,
typically locking the adlayer spin state [13—16], sometimes
into a mixture of high and low spin states, as was discussed
above. It is therefore reasonable to conclude that the spin
state configuration of our samples does not change notice-
ably in the temperature range investigated, meaning that the
Fe-phen on Au(111) exhibits a locked and mixed spin state
for an as-deposited SCO monolayer, just as has been seen for
the Fe-phen SCO complex on Cu(100) [13]. We would like
to point out that synchrotron-based XPS measurements have
been used successfully to determine the spin state of SCO com-
plexes [11], and thus, x-ray absorption spectroscopy (XAS)
should be done also for this system to conclusively prove this
contention.

4. Conclusion

The adsorption of Fe-phen SCO complexes on the recon-
structed Au(111) is highly site-selective as molecules are
found to occupy the fcc-domains of the herringbone recon-
struction exclusively. The two NCS moieties of the molecules
are assumed to bind to Au through the sulfur atoms and
this geometry alters, and in fact removes, the herringbone
reconstruction. Typically, the molecules arrange themselves in
densely packed 1D rows, which are oriented along the (110)

directions of the Au surface. Each molecule straddles over a
distance of 5 atomic spacings in the (112) directions. Experi-
mental data are consistent with a locked molecular spin state
in the temperature range between 100 K and 300 K and in
the sub-monolayer regime. This study does contribute to our
understanding of how interfaces could be leveraged to manip-
ulate the spin state and the spin crossover in SCO complexes
and shows an avenue for the structural patterning of functional
molecular films. The results also have implications for the use
of gold as electrodes in devices built from organic substances.
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