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Abstract

Spin-crossover complexes in direct contact with sub-
strates have sparked considerable interest, in particu-
lar in view of their potential applications in molecu-
lar electronics. While a huge number of spin-crossover
complexes is available, many of them are not robust
enough to withstand the sample preparation and/or the
interaction with the substrate. The techniques usu-
ally employed for these investigations, namely near-
edge x-ray absorption fine structure spectroscopy and
low-temperature scanning tunneling microscopy, are not
adapted for systematic studies because of the limited
access to synchrotron-radiation facilities and complex-
ity of the (indirect) spin determination, respectively.
Here we detail a methodology using a (more) commonly-
available technique, namely vacuum ultraviolet (angle-
resolved) photoemission spectroscopy, to determine the
spin state of layers of three different spin-crossover
complexes with thicknesses down to the submonolayer
regime. We present an approach to determine the thick-
nesses of the investigated layers, relying on the inelastic
mean free path of electrons determined from combined
photoemission and x-ray absorption measurements. We
report on the high-spin to low-spin relaxation dynam-
ics of SCO layers and the influence of the ultraviolet
light on these dynamics. While the observed relax-
ation processes occur on a timescale on the order of
minutes, probing spin-state dynamics on the picosecond

timescale is foreseeable with pump-probe photoemission
spectroscopy.
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Introduction

Spin-crossover (SCO) complexes have attracted con-
siderable attention over the last decades, with numer-
ous potential applications exploiting their intrinsic spin-
state bistability. ' ® The deposition of such compounds
on substrates” 26 promises functional surfaces, where,
for instance, various optical, electric, and magnetic
properties of the surface may be achieved by switch-
ing the complexes. Electrical control and readout of
SCO in nanodevices, in which a SCO layer is in contact
with electrodes, is of particular interest.?” 3% However,
obtaining functional SCO molecules in direct contact
with surfaces is associated with difficulties®! 37 such
that only few successful cases have been reported so
far.38749 SCO complexes may fragment upon sublima-
tion, which is the deposition method of choice for the
preparation of clean molecular layers. In addition, the
interaction between the complexes and the substrate



may lead to fragmentation or loss of functionality of
the complexes.? 37 The conservation of the molecular
integrity and functionality upon sublimation and inter-
action with a given substrate is currently challenging to
predict, such that systematic experimental studies are
required. We note that the deposition of SCO nanopar-
ticles, e.g. using matrix-assisted laser evaporation, is
also associated with similar difficulties. 5951

Besides the problems inherent to the materials, in-
vestigating SCO layers down to the submonolayer
regime on surfaces demands adapted instrumenta-
tion. So far, near-edge x-ray absorption fine struc-
ture (NEXAFS) spectroscopy 16:36:37,39-41,45,49,52,53
and low-temperature scanning tunneling microscopy
(STM) 16:32,34,35,39,42,44,54,55 416 methods of choice for
studying submonolayer coverages of SCO complexes on
surfaces. While providing the necessary selectivity and
sensitivity, application of these methods is not trivial, as
recently reviewed, 37 which can complicate the interpre-
tation of the data. In addition, NEXAFS measurements
of SCO systems can so far only be performed in large-
scale facilities with limited access. On the other hand,
STM measurements do not always provide clear evi-
dence for spin switching (indirect determination) and
are relatively slow in comparison to those performed
with NEXAFS. For these reasons, along with technical
issues, STM does not appear to be a method of choice
for systematic investigations of a large variety of SCO
complexes. In particular, STM may not be adapted for
systematic determination of the spin state as a function
of the sample temperature and illumination intensity.

Here, we show that vacuum ultraviolet angle-resolved
photoemission spectroscopy (VUV-ARPES) can be em-
ployed for a quantitative spin-state determination of
SCO complexes in layers on surfaces. Using laboratory-
based instrumentation, we characterized layers of vari-
ous thicknesses composed of three different SCO com-
pounds. In particular, reliable spin-state determina-
tion of submonolayer samples is evidenced. Besides
temperature- and light-induced transitions, spin switch-
ing can be effectively triggered by the ultraviolet illu-
mination at low temperatures, in analogy to the soft
x-ray-induced excited spin state trapping (SOXIESST)
observed with x-rays. 5256

Methods

SCO compounds Three compounds were investi-
gated, namely [Fe(H,B(pz)y)y(phen)] (H,B(pz), =
dihydrobis(pyrazolyl)borate, phen = 1,10—phenan-
throline), [Fe(pypyr(CFj),),(phen)] (pypyr =2—(2'—
pyridyl)pyrrolide), and [Fe{H,B(pz)(pypz)},| (pz =
pyrazole, pypz = pyridylpyrazole), hereafter respec-
tively referred to as Fe-Bpz (Fig. 1b), Fe-pypyr (Fig. 1¢)
and Fe-Bpzpypz (Fig. 1d). These complexes were syn-
thesized as described in Refs. 17,25,57.

Preparation of the samples 17-TiTe, and 17-
HfS, are composed of covalently bonded chalcogen-
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Figure 1: (a) Schematic of the occupation of the d or-
bitals of Fe?t SCO compounds in the LS and HS states.
Molecular structures of (b) Fe-Bpz, (¢) Fe-pypyr and (d)
Fe-Bpzpypz.

metal-chalcogen sandwich layers with weak van der
Waals-like forces between these layers. Atomically flat
and chemically saturated surfaces were obtained by
Scotch-tape cleaving the crystals along the basal plane
at a pressure below 10”7 mbar. The complexes were
deposited onto the clean substrates by sublimation in
ultrahigh vacuum (UHV) from a Knudsen cell heated
to 160°C, 165°C and 145 °C for Fe-Bpz, Fe-pypyr and
Fe-Bpzpypz, respectively.

VUV-ARPES and UP measurements The mea-
surements were partly carried out at the ASPHERE
ITII experimental station (DESY, Hamburg) equipped
with a VG Scienta DA30 hemispherical analyzer. A
BALZERS He discharge lamp was used as photon
source. Complementary measurements were performed
at a photoemission experiment (IEAP, Kiel University)
with a VG Scienta R4000 hemispherical analyzer and
a Specs UVS 300 VUV light source. Energy and an-
gular resolution of the analyzers at both experiments
were set to 40meV (pass energy Ep = 20eV, entrance
slit width 0.8 mm) and 0.1°, respectively. For the vari-
able VUV photon flux measurements, the toroidal mir-
ror monochromator in front of the Specs light source
was detuned. Note that the monochromator only selects
the He-Iav spectral line, a detuning does not affect the
photon energy (hry = 21.22eV). Most of the acquired
VUV-ARPES data were integrated over the emission
angle (surface-parallel momentum component k), such
that they effectively are equivalent to ultraviolet pho-
toemission (UP) spectroscopy data. We may therefore
equivalently refer to UP or VUV-ARPES spectra.

Illumination with a laser For the LIESST



experiments, a 532nm laser with an intensity of
1.35mW mm~2 on the sample surface was used. A
large laser beam diameter of 5 mm ensures spatial over-
lap with the VUV light spot (1 mm).

DFT calculations Calculations of the single
molecules in the gas phase were carried out with
the ORCA software package.®®®® The crystallographic
structures of Fe-Bpzpypz2* and Fe-Bpz®” were used as
a starting point. The structure of Fe-pypyr was pre-
optimized using molecular mechanics with the UFF 69
force field as implemented in Avogadro,f! followed
by geometry optimization with semiempirical methods
(PM752) implemented in MOPAC2016.%3

Geometry optimizations were performed with ORCA
at the B3LYP 64766 /def2-SVP ¢7:%8 level with the D3BJ
dispersion correction, %70 the RIJCOSX approxima-
tion, fine numerical integration grids (grid4 and gridX4
in ORCA nomenclature), and the CG solver. The or-
bitals and their energy were calculated with ORCA
at the B3LYP*™!/def2-QZVPS758 (* ScalHFX =
0.092024) level with the RIJCOSX approximation, and
fine numerical integration grids.

Results and discussion

The switching between the low-spin (LS) and high-
spin (HS) states of SCO compounds is associated with
a rearrangement of the electrons in the d orbitals
(Fig. 1la), which leads to a spin-state dependent elec-
tronic structure. This is, in particular, exploited by
NEXAFS spectroscopy, essentially sensitive to unoccu-
pied states, to infer the spin state of the investigated
complexes, 16:36,:37,:39-41,45,49,52,53,72 " Alternatively, spin-
state determination may be realized using VUV-ARPES
and more generally UP spectroscopy, which are sensitive
to the occupied states of the molecules. %2t A dras-
tic difference between the two methods is that NEX-
AFS probes orbitals related to a given element, e. g. Fe
where the expected change is the largest, while VUV-
ARPES/UP spectroscopy is sensitive to all elements,
diluting to some extent the signal useful to monitor the
molecular spin state. Nonetheless, Ludwig et al.'® have
shown that the spin state of a 7nm thick film of Fe-
Bpz (Fig. 1b) on Au(111) can be determined in a semi-
quantitative manner using UP spectroscopy. Poggini et
al.?! have reported (small) changes of the UP spectra
associated with spin switching.

In the following we show that the spin-state sensi-
tivity of UP spectroscopy is not limited to these two
examples but appears to be generally applicable for
Fe’™ SCO compounds. We introduce a method to
quantitatively determine the fraction of HS molecules
and demonstrate that VUV-ARPES can be employed
to probe SCO complexes down to sub-monolayer cover-
ages.

The apparent generality of the LS
feature

Fig. 2a shows angle k-integrated VUV-ARPES spectra
of a 30 ML thick film of Fe-Bpz on 17T-TiTe, acquired
under experimental conditions for which the complexes
are known to be in the LS state (upper blue curve;
120K) and in the HS state (upper red curve; 28 K un-
der illumination with a 532 nm laser), respectively. The
spectra are very similar to those obtained for the same
compound on Au(111) (Ref. 10) except for an energy
offset attributed to thickness-dependent charging of the
layer. This similarity is expected as the probing depth
of VUV-ARPES, on the order of 1-3 ML, is smaller than
the molecular film thickness, leaving the spectra void of
substrate features.

While the LS and HS spectra for each compound in
Fig. 2a appear to be relatively similar over the entire en-
ergy range [—8,0]eV, the first feature below the Fermi
level is drastically different in the LS and HS state (see
inset to Fig. 2a). The intensity of the peak in the LS
state is almost twice as high as the one in the HS state,
which makes it a clear fingerprint of the spin state. Ow-
ing to its spin-state dependence and its dominant inten-
sity in the LS state, the first feature below the Fermi
level is hereafter referred to as the LS feature. The LS
feature is not limited to Fe-Bpz, but also present for
Fe-pypyr and Fe-Bpzpypz (Figs. 2b—c), which suggests
that this feature is a general property of Fe?t SCO com-
pounds.

Gas-phase DFT calculations have been performed for
the three compounds in the LS and in the HS states.
The energies of the occupied molecular orbitals (MOs)
are shown in the bottom of Figs. 2a—c. For a better
comparison with the experimental results, each tran-
sition from a MO is described by a normalized Gaus-
sian function with a standard deviation of 0.35eV, and
the sums of the Gaussian functions represent simulated
spectra (bottom red and blue curves in Figs. 2a—c). The
different peaks in the simulated spectra are tentatively
associated to the peaks of the experimental spectra (see
dashed lines in Figs. 2a—c). Interestingly, the calcu-
lations reproduce the LS feature, . e. the first feature
below the Fermi level is significantly more intense in the
LS state than in the HS state. This may be understood
by considering the density of MOs. While the highest
occupied MO of the HS state is the closest to the Fermi
level, it is distant from the other MOs. In contrast, the
three highest occupied MOs of the LS state are close
in energy, doubly occupied and thus lead to a higher
density of states.

From these measurements on three compounds, we
extrapolate that the LS feature is a generic property of
Fe?t SCO complexes, which may in principle be used to
monitor the fraction of HS molecules in a sample. We,
however, note that the LS features exhibit small differ-
ences from compound to compound (slightly different
energies and widths).
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Figure 2: Photoemission spectra of (a) ~ 30 ML Fe-Bpz on 17-TiTe,, (b) ~ 40 ML Fe-pypyr on 17-TiTe, and (c)
~ 17ML Fe-Bpzpypz on 1 T-HIS, acquired at 21-28K under illumination with a 532 nm laser (upper red curves)
and at 120K (upper blue curves). Under these experimental conditions, the complexes are respectively in the HS
(red) and in the LS (blue) state. The first spectral signature below the Fermi level, empirically referred to as
the LS feature, is emphasized in insets. The vertical bars in the lower part of the panels represent MOs, inferred
from gas-phase DFT calculations, whose energies depend on the spin state. In the LS state (bottom) the orbitals
are doubly occupied while the orbitals are spin split in the HS state (black and green bars for spin up and down,
respectively). For better comparison with the experiments, each transition from a MO is described by a normalized
Gaussian function with a standard deviation of 0.35eV. The sums of these Gaussian functions lead to the spectra
denoted DFT HS (red) and DFT LS (blue) in the lower part of the panels. Broken dashed lines tentatively associate

the features in the experimental and calculated spectra.

Spin-state determination of multi-
layer samples

A determination of the spin state based on a linear com-
bination of HS and LS reference spectra, in analogy to
what has been done using NEXAFS,37,39-41,45,49,52,53
is in principle also possible for UP spectra. HS and
LS reference spectra for each compound are acquired at
225 K with laser illumination and at 120 K, respectively
(Fig. 2). Denoting I1,s(F) and Igg(F) the intensities
of the LS and HS reference spectra at binding energy
E, the spectral intensity I(FE) is approximated using

I(E)=A-[yusIus(E — Eo)+

(I —vyms) - ILs(E — Eos)l, M

where vgg, Fog and A are respectively the fraction of
HS molecules, an energy offset, e. g. taking into account
a potential charging of the layer, and a factor account-
ing for variation of the VUV intensity. It should be
emphasized that, owing to the small inelastic mean free
path of the photo-excited electrons (=~ 0.4-3nm at a
kinetic energy of 10-20eV "), most of the signal in the
UP spectra originates from the topmost molecular lay-
ers. Therefore, HS fractions inferred from Eq. 1 may

not be representative of the entire film in the case of an
inhomogeneous spin transition.

An example of a fit with Eq. 1 (black curve) is shown
in Fig. 3a for an UP spectrum acquired at 28 K on 40 ML
Fe-pypyr on 1 T-TiTe, (green curve) yielding a HS frac-
tion of 34 + 3 %. The agreement is relatively good. Im-
portantly, the energy range over which the fitting is done
is not limited to the LS feature as the outcome would be
sensitive to (small) variation in the VUV-light intensity.
Too large energy intervals, such as shown in Figs. 2a—c,
are not adapted either. Variations of the photoemis-
sion intensity for binding energies |EFp| > 5eV were
monitored as a function of time (several hours) presum-
ably due to the adsorption of gaseous molecules of the
UHYV environment. We empirically found that fits over
the first two photoemission features (—3 to 0eV for Fe-
pypyr) provide reliable estimates of the fraction of HS
molecules. The signal of both features allows to account
for variations in the VUV-light intensity, while the spin-
state readout is mostly inferred from the LS feature.

To show the sensitivity of the method, we induced
spin transitions in the molecular layer by changing the
temperature and illuminating the sample with a 532 nm
laser (Fig. 3c). The Fe-pypyr sample exhibits a HS
fraction of ~ 30% at room temperature that evolves
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Figure 3: UP spectra measured at (a) 28 K on 40 ML
Fe-pypyr on 1T-TiTe, (no light irradiation) and (b) at
67K on 17 ML Fe-Bpzpypz on 1 T-HfS, (532nm laser
light irradiation) along with fits to Eq. 1 (black) using
the HS (red) and LS (blue) reference spectra obtained
from Figs. 2b—c. The fits yield fractions of HS molecules
of (a) 25 and (b) 65%. (c) Evolution of the HS fraction
as a function of temperature and time (at 21 K) of 40 ML
Fe-pypyr on 1T-TiTe, (black circles). Green rectangles
indicate the time during which a 532nm laser illumi-
nated the sample. HS fractions inferred from NEXAFS
measurements on a similar sample are overlaid (blue
triangles, see Ref. 36 for experimental details). (d) HS
fraction versus temperature of Fe-Bpz, Fe-pypyr and
Fe-Bpzpypz during 532nm laser light irradiation.

toward zero as the temperature is lowered. For temper-
atures below 60K, the HS fraction increases again, up
to 7 20%. In analogy to the light-induced excited spin
state trapping™* (LIESST) and the soft-x-ray induced
spin state trapping!41%52.53:56 (SOXIESST), the VUV
light induces transitions from the LS to the HS state!?
(VUVIESST). Illumination of the sample at 28 K with
green light leads to a drastic change of the HS fraction
to values close to 100% (see yug at ~ 10min). The HS

fraction takes back its previous values of 20-30 % upon
switching the illumination off (see ygs at =~ 30 min).
This series of measurements evidences that spin-state
determination as proposed in this section is indeed sen-
sitive to the spin state of the molecular layer. Moreover,
the method is quantitative and provides estimates of
~pus comparable to those inferred from NEXAFS mea-
surements. This is illustrated on the right-hand side
of Fig. 3c. The HS fraction evolves from =~ 100% to-
ward zero as the sample is warmed up under illumina-
tion (black circles) because the LIESST effect becomes
less and less effective. Then, between 100 K and 300 K,
thermally induced LS-to-HS transitions lead to a slow
increase of vygg. Data inferred from NEXAFS measure-
ments36 are overlaid (blue triangles). The evolutions
of ygg obtained with the two techniques are identical
within the precision of the data, which a posteriori val-
idates the method presented here.

The determination of the HS fraction is not limited
to Fe-pypyr but can be extended to other complexes.
Fig. 3b shows UP spectra of 17 ML Fe-Bpzpypz on 17T-
TiTe, at 44 K (green), 150 K (blue, labeled LS) and 21 K
plus green illumination (red, labeled HS). A fit of the
data using Eq. 1 (black) reproduces the data relatively
well (green). It may be noted that the signal-to-noise
ratio of the data in Fig. 3b is significantly better than
that in Fig. 3a owing to approximately four times better
photoelectron-counting statistics.

Fig. 3d summarizes the evolution of vg with temper-
ature of multilayers of the three investigated SCO com-
pounds, namely Fe-Bpz (triangles), Fe-pypyr (circles)
and Fe-Bpzpypz (squares) during 532nm laser light il-
lumination. Determination of HS fractions from UP
spectra appears to be reliable and generally applicable
to Fe?™ SCO compounds. In particular, the accuracy of
the inferred HS fractions is comparable to that obtained
in NEXAFS measurements as evidenced in Fig. 3c.

Spin-state determination of sub-
ML samples

Visibility of the LS feature

The contribution of the substrate to the signal increases
more and more as the thickness of the molecular layer
decreases. For sub-ML coverages, the photoemission
signal originating from the molecular layer is gener-
ally orders of magnitude lower than that of the sub-
strate, and effectively contained in the noise of the
data. In NEXAFS experiments, this issue is signifi-
cantly less pronounced owing to the element selectivity
of the method.

This problem is illustrated in Figs. 4a—c. The pho-
toemission map of a Au(l11) sample, often used as a
substrate for the investigation of SCO systems, exhibits
a significant intensity below the Fermi level over several
eV (Fig. 4a). The photoemission intensity distribution
is only marginally affected by the deposition of 0.5 ML
Fe-pypyr (Fig. 4b). In particular, no LS feature is dis-



cernible (expected at E— Ep == —1eV). To better com-
pare the data before and after deposition of Fe-pypyr,
the intensity is integrated over k) leading to the spectra
shown in Fig. 4c. The I(E — Ey) spectrum acquired on
the sub-ML sample (black curve) is very similar to that
of the substrate (gray area), at least for binding energies
of less than 2eV. In contrast, for larger binding ener-
gies, the molecular sub-monolayer decreases the signal
originating from the substrate. As will be shown below,
the molecule-induced attenuation of the substrate signal
can be used to calibrate the thickness of the molecular
layer.
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Figure 4: VUV-ARPES data of (a) a pristine Au(111)
and (d) 17-HfS, substrate. The photoemission intensity
is encoded in the color (see color scale at the bottom).
(b) and (e) ARPES images upon deposition of 0.5 ML
of Fe-pypyr on the Au(111) and 17-HfS, substrates,
respectively. (c) Spectra obtained by integrating over k|
the intensities shown in (a) (light gray area) and in (b)
(dark curve). (f) kj-integrated VUV-ARPES spectra
of 0.5 ML Fe-pypyr on 17T-HfS, at 21 K with (red) and
without (blue) green illumination. The intensities are
respectively multiplied by a factor of 5 and 20 in (c) and
(f) for energies |F — Ep| < 2eV (above the horizontal
dashed line). The data shown in (a—e) were acquired at
room temperature.

Yet, the non-visibility of the LS feature may be cir-
cumvented by an adequate choice of the substrate. In

essence, the substrate density of states should be rela-
tively low at the energy of the LS feature. For instance,
the semi-conducting substrate 1 T-HfS, has a large band
gap of 2.85eV.™ Corresponding photoemission maps
show a negligible intensity from —2eV to 0eV (blue
area in Fig. 4d). In this case, deposition of 0.5 ML of
Fe-pypyr significantly changes the photoemission map,
at least at energies close to the LS feature (see green
area at ¥ — Ep =~ —1eV). The LS feature is also evident
in UP spectra obtained by integrating over the k| com-
ponent in the photoemission maps. Fig. 4f shows two
such spectra acquired at 21K with (red) and without
(blue) illumination with a 532nm laser. As expected,
the intensity of the LS feature decreases as complexes
are converted from the LS to the HS state.

We emphasize that such measurements on sub-ML
coverages of SCO complexes are not limited to the 17-
HfS, substrate, but can be extended to other materials
exhibiting a band gap in the region of interest. In par-
ticular, the band gap may be a projected band gap,
only covering a (small) range of k. The conversion
from map to spectra such as in Figs. 4b,c,e,f would then
be performed by integrating k| over an adequate range.
This would, for instance, make highly oriented pyrolytic
graphite (HOPG) an adequate substrate for the inves-
tigation of sub-ML coverages of SCO complexes using
VUV-ARPES.

Determination of the HS fraction
As described above, the determination of the HS frac-
tion in multilayer samples (Eq. 1) involves not only the
LS feature but also a second molecular feature. The
combination of both molecular features effectively scales
the spectra to be insensitive to VUV-light intensity vari-
ations. For sub-ML coverages, the LS feature is, how-
ever, the only molecular feature distinctly visible in the
UP spectra because of the limited band gap of the sub-
strate. The intensity of this feature I, is measured by
integrating the photoemission signal in a 0.6eV energy
range around the maximum of the feature (at 1.1eV for
Fe-pypyr on 1 T-HIS,) to be less sensitive to noise. To
scale the LS feature, we use I, the intensity of the
substrate integrated from —4.5 to —2eV. The normal-
ized LS-feature intensity I’ = I,/ Toup 18 a readout of
the spin state of the molecular layer. Denoting I{ ¢ and
I{; the normalized intensities of respectively LS and HS
reference spectra, the HS fraction is given by:

Ho—T
TS = T (2)
Iis — s

For HS and LS references, we use spectra acquired on
the same sample exhibiting the smallest and largest LS
feature, respectively. This method therefore gives the
relative change of the HS fraction for samples experienc-
ing a partial spin transition. It may be worth mention-
ing that the determination of the HS fraction from linear
combinations of HS and LS reference spectra (Eq. 1),
including both molecule and substrate features, turned
out unsuccessful. Besides the expected temperature-



dependence of the LS feature, the spectrum of the sub-
strate exhibits (small) variations upon changes of tem-
perature, and may therefore not be employed as a ref-
erence for photon intensity. The integrated intensity
Igup 18, however, effectively independent of temperature.
This is why we rely on Eq. 2 rather than on Eq. 1 to de-
termine the fraction of HS molecules of ultrathin molec-
ular layers.
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Figure 5: Evolution of the HS fraction as a function
of time (at 21 K) and temperature of 0.5 ML Fe-pypyr
on 1T-HfS, (black circles) and of 40 ML Fe-pypyr on
1T-TiTe, (blue triangles). The green rectangles on top
indicate the measurements performed under illumina-
tion with a 532 nm laser. The gray area indicates a 7%
uncertainty inferred from the variations in the expected
steady-state vyg.

Fig. 5 shows the HS fraction of 0.5 ML, Fe-pypyr on
1T-HfS,, derived from Eq. 2, as a function of time and
temperature. At the start of the time series at 21 K, the
HS fraction is = 25% owing to VUVIESST. To demon-
strate the sensitivity of the HS-fraction determination
method presented here, light-induced LS-to-HS transi-
tion and subsequent (partial) relaxation to the LS state
are triggered by turning on and off 532 nm laser illumi-
nation. vgg follows the expectations, evolving between
~ 30% and = 90 % as the illumination is switched on
and off, respectively (see green rectangles at the top of
Fig. 5). The estimates of the HS fraction with (= 90 %)
and without green illumination (= 30 %) of 0.5 ML Fe-
pypyr on 17-HfS, are very similar to those found in the
multilayer samples (= 100% and =~ 25 %, see Fig. 3c),
highlighting the negligible impact of the 17-HfS, sub-
strate on the SCO properties, as previously reported.35

The right part of Fig. 5 displays yus as a function
of temperature. From 21 K to approximately 150 K, the
HS fraction decreases as the LIESST effect becomes less
and less efficient. Upon further increasing the tempera-
ture (150 K to 300 K), an increasing fraction of the com-
plexes exhibits a LS-to-HS thermal transition.

The dependence of yyg on temperature for 40 ML Fe-
pypyr on 1T-TiTe, is included in the figure (see blue
triangles in Fig. 5). The evolutions of the sub-ML and
multilayer are identical within the uncertainty of the

measurements. The comparison of the two data sets in
Fig. b validates a posteriori that Eq. 2 provides reliable
and quantitative estimates of the HS fraction.

The data shown in Fig. 5 illustrate that VUV-ARPES
is a viable tool to investigate the SCO properties of sub-
ML molecular coverages on surfaces. VUV-ARPES may
be seen as a laboratory-based alternative to NEXAFS,
giving similarly reliable estimates of vyg.

Investigation of 0.7 ML Fe-Bpzpypz
Having validated the method, we now employ it to in-
vestigate a new system, namely 0.7 ML Fe-Bpzpypz on
17T-HfS,. As for Fe-pypyr on 17-HfS,, the photoe-
mission intensity for —2 < EF — Ep < 0eV, initially
negligible for the bare 17T-HfS, substrate (bluish area
in Fig. 6a), increases as Fe-Bpzpypz molecules are de-
posited giving rise to the LS feature (see horizontal
greenish area in Fig. 6b). The fraction of HS molecules
was deduced from photoemission maps, such as the one
shown in Fig. 6b, using the method described above.
We observe a HS fraction of 35 % at 300 K (not shown),
decreasing toward zero as the temperature is reduced.
Fig. 6¢ shows the evolution of the HS fraction as a
function of increasing temperature during illumination
with green laser light. At the lowest temperature, the
molecules are excited toward the HS state because of
the LIESST effect. With increasing temperature the
HS fraction is decreasing toward almost zero at 150 K.
The evolution of ygg with temperature and illumination
evidences that the Fe-Bpzpypz complexes are intact and
functional in direct contact with the 17-HfS, substrate.

Data acquired on a thicker Fe-Bpzpypz film (17 ML)
are overlaid in Fig. 6¢ (squares). The HS-fraction evo-
lution of the sub-ML and multilayer samples are essen-
tially the same, pointing out the negligible impact of
the 17-HfS, substrate. It is worth mentioning that,
in the absence of green illumination, a HS fraction of
~ 75% is obtained at 21 K (not shown) because of the
VUVIESST effect. In comparison, under similar ex-
perimental conditions, Fe-Bpz and Fe-pypyr exhibit HS
fractions of 65 (Ref. 10) and 30 %, respectively. Out
of the three compounds investigated in this study, Fe-
Bpzpypz is therefore the one which is the most sensitive
to VUVIESST.

Determination of the film thickness
An accurate determination of the film thickness in the
sub-ML range using ARPES is difficult. Nonetheless,
this is not very much different from other spectroscopic
techniques, such as NEXAFS as recently reviewed.3” In
the following, we discuss in detail how the thickness is
determined along with the underlying assumptions.

Above, we already mentioned that the deposition of
0.5 ML Fe-pypyr on Au(111) leads to an attenuation of
the Au(111) signal. This is because photoelectrons orig-
inating from the substrate interact with the molecular
layer, and are reflected back to the sample and/or lose
energy so that they contribute to the background or
cannot escape the sample anymore. In the limit of low
molecular thicknesses and under the assumption of a
layer-by-layer growth, the photoelectron intensity orig-
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Figure 6: Photoemission intensity maps of 17-HfS,
(a) without and (b) with an overlayer of 0.7 ML Fe-
Bpzpypz. (¢) Evolution of the HS fraction as a function
of temperature of 0.7 ML (circles) and 17 ML (squares)
Fe-Bpzpypz on 1T7-HfS, during illumination with a
532nm laser. Temperatures are accurate to within
+8 K.

inating from the substrate is given by:
I(d) = I - exp (—d/)), 3)

where I is the photoelectron intensity from the sub-
strate (without molecules) and d the thickness of the
molecular layer. A(Fyin) describes the energy depen-
dent inelastic mean free path of the photoelectrons in
the molecular layer. Note that ) is the analogue of the
electron mean escape depth of NEXAFS experiments,
with the key difference that they are related to electrons
of different energy ranges (~ 10-30 eV wversus ~ 100-
1000 eV). The thickness d may be retrieved using Eq. 3
provided that A is known.

To the best of our knowledge, no experimental esti-
mates of AM(Exin &~ 10-20eV) for layers of SCO com-
plexes have been reported so far. In the following, we
provide such an estimate by measuring the ratio I/I
for different thicknesses d of Fe-pypyr on Au(111). The
main difficulty resides in knowing the thickness d of
the investigated molecular films. We combined VUV-
ARPES and NEXAFS measurements on the very same
samples and in the same experimental station allowing
us, on one hand, to measure the ratio /Iy, and, on the
other hand, determine the thickness d of the layer. Rel-
ative thicknesses are inferred from the NEXAFS spectra
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Figure 7: (a) Background-subtracted x-ray absorption
(XA) spectra of four Fe-pypyr layers of varying thick-
nesses on Au(111). (b) VUV-ARPES spectra acquired
on the very same samples as in (a) with the same color
coded thicknesses along with a spectrum acquired on a
clean Au(111) surface (gray area). The inset is a zoom
of the spectra for —2eV < E — Er < 0eV. Dashed
vertical lines show the lower and upper bounds of the
interval over which the intensity is integrated, leading
to I. (c¢) I/Iy versus the thickness of the molecular
layer, where Iy corresponds to the integrated intensity
of the clean substrate. The experimental data (circles)
of the three smallest thicknesses are fitted using Eq. 3
(black curve) leading to A = 1.3 £ 0.1 ML. All spectra
were acquired at room temperature.

(Fig. 7a) using Eq. 12 of Ref. 37. An absolute thick-
ness determination of the lowest thickness is obtained by
comparing the integrated edge-jump (Eq. 9 of Refl. 37)
of the corresponding NEXAFS spectrum (blue curve in
Fig. 7a) to the one of the same system measured at an-
other beamline and calibrated using scanning tunneling
microscopy.®® In other words, we use the formalism de-
veloped for NEXAFS spectroscopy®’ to determine the
thicknesses of the four molecular films (0.6, 1.4, 1.9 and
3.1ML).

Fig. 7b shows VUV-ARPES spectra acquired on the
very same samples measured in Fig. 7a. In the energy
range from —0.4 to —0.2eV (see dashed lines in Fig. 7b),
the intensity decrease toward zero with increasing thick-
nesses indicates that most of the signal originates from
the substrate. The intensity integrated over this energy
range I normalized over the integrated intensity of the
substrate Iy is plotted in Fig. 7c as a function of the
molecular layer thickness. A fit of the data points to
Eq. 3 (black curve) leads to A = 1.3+ 0.1 ML.

With the knowledge of A, the thickness of a molecu-
lar layer may be, in principle, directly estimated from
the ratio I/Iy. However, the thickness estimates may
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Figure 8: (a) VUV-ARPES spectra of Fe-pypyr on
1T-HfS, for varying thicknesses (curves) along with a
spectrum of the pristine substrate (gray area). The
dashed lines delimit the energy range used for extract-
ing the intensities I and Iy. (b) I/l versus Fe-pypyr
sublimation time (circles) along with a fit to Eq. 4 lead-
ing to A = 7.9 £ 0.2 min corresponding to 1.3 & 0.1 ML.
All data were acquired at room temperature.

be associated with significant errors. With increasing
molecular-layer thicknesses, the photoemission signal on
one hand decreases as the signal of the substrate is at-
tenuated, and on the other hand increases due to pho-
toemission from the molecular layer itself. The latter
may become significant for binding energies exceeding
2eV and is neglected in Eq. 3. We therefore devel-
oped an alternative method accounting for the signal
originating from the molecular layer. The method is
illustrated for Fe-pypyr on 17T-HfS,. The evaporation
rate was ensured to remain constant over time using
a quartz microbalance, such that the thickness of de-
posited molecules is proportional to time. VUV-ARPES
spectra were acquired on the clean surface (gray area
in Fig. 8a) and on the sample with increasing deposi-
tion time (lines in Fig. 8a). In contrast to the Au(111)
substrate, there is no energy range where the substrate
signal is large and the one from the molecular layer neg-
ligible. In analogy to the total electron yield of NEX-
AFS measurements, 3’ the photoelectron intensity (at a
given energy) reads:

I(d) = Iy, [1 — exp (—i)} + Ipexp (-i) . (@)

where Iy and Iy, are respectively the intensities of a
semi-infinite substrate and molecular layer. It should be
noted that for d > A, the layer may already be consid-
ered as semi infinite. We selected the integration range
[—2.76, —2.56] eV where the signal originating from the
1T-HfS, substrate is large. In addition, Iyr, and Iy sig-
nificantly differ in this energy range (compare intensity
of the gray area and that of the black curve in Fig. 8a).
Fig. 8b shows the evolution of the ratio I/l as a func-
tion of the thickness of the molecular layer, expressed
in sublimation time (at constant sublimation rate). A
fit to the data using Eq. 4 results in a relative good
agreement and A = 7.9 £ 0.2min. Assuming that A is
the same on both samples, sublimation times can be

converted to thicknesses. Furthermore, as the evapora-
tion rate can be controlled by a quartz microbalance,
molecular layers of desired thicknesses can be prepared.
For example, with the experimental conditions of Fig. 8,
growing a single monolayer takes 7.9/1.3 = 6.1 min of
deposition.

In the present study, we assumed that A\ = 1.3 +
0.1 ML holds for all the investigated SCO complexes.
We believe that this approximation is justified as long
as the density of atoms with the layer are similar. Fur-
ther detailed measurements of A as shown in Fig. 7 on
other molecular layers would be desirable in future work
to verify this point. Accounting for uncertainties in the
value of A\, we targeted d ~0.5 ML for the “sub-ML”
samples to ensure that the complexes are in direct con-
tact with the substrate.

Insights into the HS-to-LS relax-
ation dynamics

Besides providing static and stationary fractions of HS
complexes, VUV-ARPES may also be employed to in-
vestigate switching and relaxation dynamics. Fig. 9a
shows the temporal evolution of the HS fraction of
17 ML Fe-Bpzpypz on 1T-HfS,. The HS fraction is close
to 100 % when the sample is illuminated with green light
and exhibits an exponential decay upon turning off the
green illumination. Interestingly, the time constant of
the decays appears to increase as the VUV intensity is
reduced (compare decays for VUV intensity of 100, 50
and 25 % in Fig. 9a). This suggests that the VUV light
can induce HS-to-LS transitions, a process that we here-
after refer to as reverse-VUVIESST. A similar process,
reverse-SOXIESST, has been reported for soft x-rays. 14

Among the mechanisms involved in the HS-to-LS re-
laxation, we can identify: (i) the natural relaxation with
a rate kj}; which solely depends on temperature, (i)
the VUVIESST effect with rate kypj ¥ leading to transi-
tions from the LS to the HS state, and (iii) the reverse-
VUVIESST effect with rate kY. Denoting yus the
HS fraction and neglecting cooperative effects, the rate
equation reads:

dyus
dt

= —7us ki, — s kyr -+ (L—yms) -k - (5)

Introducing kg = k&t + kY + kY'Y, the HS fraction
has the evolution:

ki ki off
YHS (t) = Left +\1- Leff - €Xp (_kHLt) ) (6)
HL HL

where we assumed that yys =1 at t = 0.

The HS fraction converges to ~ 80, 70 and 65 % af-
ter relaxation under VUV illumination with 100, 50 and
25 % intensity, respectively. The stationary HS fraction
in the absence of green light appears to depend on the
VUV intensity. This can be rationalized from Eq. 6,
which gives a HS fraction after relaxation (¢ — oo) of
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Figure 9: (a) Time evolution of the HS fraction of
17ML Fe-Bpzpypz on 1T-HfS, for different VUV-light
intensities relative to the maximum intensity (25, 50
and 100 %) and with/without green laser light illumina-
tion (green rectangles represent the time during which
illumination was on) along with fits to Eq. 6. (b) HS-
to-LS relaxation rate kyr, as a function of the VUV in-
tensity with corresponding linear fits (colored dashed
lines). The sample temperature was about 20 K.

BV (kR + kY + kYRY). The rates kIYI[{JX{L most
probably depend linearly on the VUV intensity in con-
trast to kfj,, which is expected to remain constant at
a given temperature. As long as the natural relaxation
rate is not negligible in comparison to the other involved
rates, the HS fraction in the stationary regime is ex-
pected to depend on the VUV intensity. We note that
the HS fraction upon relaxation with a VUV intensity
of 100 % reaches ~ 80 %, which is similar to saturation
values found in SOXIESST experiments. 14:19:52

Before further applying Eq. 6 to the data, we would
like to point out that the relaxation did not system-
atically start with vgs = 1 as we would expect when
the sample is illuminated with green light. The initial
HS fraction decreases as the VUV intensity is reduced
(Fig. 9a). The decrease in VUV intensity was obtained
by miss-aligning the monochromator whose purpose is
to select a single spectral line of the He lamp. We be-
lieve that this action may have caused a small deviation
of the VUV beam, thereby changing the spatial overlap
with the green laser and effectively reducing the effi-
ciency of the LIESST effect. We exclude beam-induced
damage of the complexes as the HS-fraction evolution
appears to be reproducible for a constant VUV inten-
sity (see e. g., gray circles in Fig. 9a). The HS fraction,
however, abruptly drops when the VUV intensity is de-
creased (see e.g., the drop at ~35min). This is con-
sistent with a decrease of the overlap of the VUV and
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green-light beams on the sample surface. In the fol-
lowing, we therefore do not consider the absolute value
of ygs but solely the time constants of the exponential
decays.

The fit of the data shown in Fig. 9a using Eq. 6 gives
effective relaxation rates kfff of (4.3 +0.3), (2.8 +0.3)
and (2.2 4 0.4) 1073571 for VUV intensities of 100, 50
and 25 %, respectively (Fig. 9b). The evolution of k§if is
linear with the VUV intensity (see dashed line in Fig. 9),
which suggests that kLY +kypy ¥ is proportional to the
VUV intensity. An estimate of the natural relaxation
rate on the order of 1073s~! is obtained by extrapo-
lating the data (dashed curve) to a VUV intensity of
zero. We note that the value for the natural relaxation
rate should be considered with caution because the lin-
ear fit is based on only three data points. Nonetheless,
these series of experiments illustrate that VUV-ARPES
is suited to retrieve dynamics of SCO systems, provided
that the influence of the probe (here VUV light) on the
investigated dynamics is characterized and accounted
for.

A rough estimate of the VUVIESTT cross section is
done as follows. The VUV flux at maximum intensity
is on the order of ® = 0.05s 'nm 2. kyPV + kYyY =
kf_{i — k& = 2.8 x 1073571 is inferred from the fit
in Fig. 9b. Assuming kyV to be negligible in com-
parison to kYyY, we find a VUVIESST cross section
o=k"y5Y/®~0.06nm? = 6A”. Cross sections of 6 A2
and ~ 2 A2 have been reported for the SOXIESST effect
in Refs. 14 and 19, respectively. The similarity of the
cross sections suggest that VUVIESST and SOXIESST
share a common microscopic mechanism, and in par-
ticular that the photon energy is not crucial. A given
molecule may be excited by absorption of an ultravi-
olet or a soft x-ray photon. The relaxation from the
excited electronic state presumably leads to the emis-
sion of one or more energetic electrons, which in turn
ionize neighboring molecules. Those ionized molecules
may relax to the HS state. In addition, inelastic scat-
tering of the secondary electrons with neutral molecules
may also induce LS-to-HS transitions. The importance
of secondary electrons for the SOXIESST effect has pre-
viously been evidenced in Refs. 14,19.

With the settings used for the present investigation,
approximately 60-90s of data acquisition was required
to determine the HS fraction of the layer. However,
much faster acquisition can be performed, in particular
by reducing the energy range to the first two features
used for the analysis and, due to the broad spectral fea-
tures, worsening the energy resolution of the analyzer.
Moreover, if the energy window of the analyzer is large
enough, measurements can be performed with a fixed
central kinetic energy to capture the spin state every
few seconds.

Finally, ultrafast pump-probe measurements appear
to be viable, as have been done for SCO complexes in
the liquid, 8% and solid phase,®9 8% but not yet for
SCO complexes on surfaces. At temperatures where the
relaxation is sufficiently fast (microsecond timescale),



probing of the initial light-induced spin-state switching
dynamics on sub-picosecond timescales may thus be-
come possible.

Conclusions

We have evidenced that photoemission spectroscopy can
be used to quantitatively determine the HS fraction of
SCO layers. The technique is adapted to investigate
sub-monolayers provided that adequate substrates are
employed. In particular, we discuss in detail how the
thickness of the layer can be reliably determined. Be-
sides probing static and stationary states of the SCO
films, we have shown that the method is also suitable
for probing dynamics. While the HS-to-LS relaxation
processes investigated here occur on the timescale of
minutes, the technique has prospects to studying signif-
icantly faster dynamics.
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