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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.1–6 The deposition of such compounds
on substrates7–26 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.27–30 However,
obtaining functional SCO molecules in direct contact
with surfaces is associated with difficulties31–37 such
that only few successful cases have been reported so
far.38–49 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
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may lead to fragmentation or loss of functionality of
the complexes.31–37 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.50,51

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) spectroscopy16,36,37,39–41,45,49,52,53

and low-temperature scanning tunneling microscopy
(STM)16,32,34,35,39,42,44,54,55 are 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.52,56

Methods

SCO compounds Three compounds were investi-
gated, namely [Fe(H2B(pz)2)2(phen)] (H2B(pz)2 =
dihydrobis(pyrazolyl)borate, phen = 1,10−phenan-
throline), [Fe(pypyr(CF3)2)2(phen)] (pypyr =2−(2 ′−
pyridyl)pyrrolide), and [Fe{H2B(pz)(pypz)}2] (pz =
pyrazole, pypz = pyridylpyrazole), hereafter respec-
tively referred to as Fe-Bpz (Fig. 1b), Fe-pypyr (Fig. 1c)
and Fe-Bpzpypz (Fig. 1d). These complexes were syn-
thesized as described in Refs. 17,25,57.
Preparation of the samples 1T -TiTe2 and 1T -

HfS2 are composed of covalently bonded chalcogen-

Figure 1: (a) Schematic of the occupation of the d or-
bitals of Fe2+ SCO compounds in the LS and HS states.
Molecular structures of (b) Fe-Bpz, (c) 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
III 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 = 20 eV, entrance
slit width 0.8mm) 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-Iα spectral line, a detuning does not affect the
photon energy (hν = 21.22 eV). 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
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experiments, a 532 nm laser with an intensity of
1.35mWmm−2 on the sample surface was used. A
large laser beam diameter of 5mm ensures spatial over-
lap with the VUV light spot (1mm).
DFT calculations Calculations of the single

molecules in the gas phase were carried out with
the ORCA software package.58,59 The crystallographic
structures of Fe-Bpzpypz24 and Fe-Bpz57 were used as
a starting point. The structure of Fe-pypyr was pre-
optimized using molecular mechanics with the UFF60

force field as implemented in Avogadro,61 followed
by geometry optimization with semiempirical methods
(PM762) implemented in MOPAC2016.63

Geometry optimizations were performed with ORCA
at the B3LYP64–66/def2-SVP67,68 level with the D3BJ
dispersion correction,69,70 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*71/def2-QZVP67,68 (* 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. 1a), 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.10,21 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.10 have
shown that the spin state of a 7 nm thick film of Fe-
Bpz (Fig. 1b) on Au(111) can be determined in a semi-
quantitative manner using UP spectroscopy. Poggini et
al.21 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
Fe2+ 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 30ML thick film of Fe-Bpz on 1T -TiTe2 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; 28K 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 1–3ML, 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 Fe2+ 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 0.35 eV, 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, i. 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
Fe2+ 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 8: (a) VUV-ARPES spectra of Fe-pypyr on
1T -HfS2 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 I0. (b) I/I0 versus Fe-pypyr
sublimation time (circles) along with a fit to Eq. 4 lead-
ing to λ = 7.9± 0.2min corresponding to 1.3± 0.1ML.
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
2 eV 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 1T -HfS2. 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,37 the photoelectron intensity (at a
given energy) reads:

I(d) = IML

[

1− exp

(

−
d

λ

)]

+ I0 exp

(

−
d

λ

)

, (4)

where I0 and IML are respectively the intensities of a
semi-infinite substrate and molecular layer. It should be
noted that for d ≫ λ, 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 -HfS2 substrate is large. In addition, IML and I0 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/I0 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 λ = 7.9 ± 0.2min. Assuming that λ 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 = 6.1min of
deposition.
In the present study, we assumed that λ = 1.3 ±

0.1ML 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 λ 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 λ, we targeted d ≈0.5ML 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
17ML Fe-Bpzpypz on 1T -HfS2. 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 knHL which solely depends on temperature, (ii)
the VUVIESST effect with rate kVUV

LH leading to transi-
tions from the LS to the HS state, and (iii) the reverse-
VUVIESST effect with rate kVUV

HL . Denoting γHS the
HS fraction and neglecting cooperative effects, the rate
equation reads:

dγHS

dt
= −γHS ·k

n
HL−γHS ·k

VUV
HL +(1−γHS) ·k

VUV
LH . (5)

Introducing keffHL = knHL+kVUV
HL +kVUV

LH , the HS fraction
has the evolution:

γHS(t) =
kVUV
LH

keffHL

+

(

1−
kVUV
LH

keffHL

)

· exp
(

−keffHLt
)

, (6)

where we assumed that γHS = 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 (t → ∞) of
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Figure 9: (a) Time evolution of the HS fraction of
17ML Fe-Bpzpypz on 1T -HfS2 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 kHL as a function of the VUV in-
tensity with corresponding linear fits (colored dashed
lines). The sample temperature was about 20K.

kVUV
LH /(knHL + kVUV

HL + kVUV
LH ). The rates kVUV

LH/HL
most

probably depend linearly on the VUV intensity in con-
trast to knHL, 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 γHS = 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

green-light beams on the sample surface. In the fol-
lowing, we therefore do not consider the absolute value
of γHS 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 keffHL of (4.3 ± 0.3), (2.8 ± 0.3)
and (2.2 ± 0.4) 10−3 s−1 for VUV intensities of 100, 50
and 25%, respectively (Fig. 9b). The evolution of keffHL is
linear with the VUV intensity (see dashed line in Fig. 9),
which suggests that kVUV

HL +kVUV
LH is proportional to the

VUV intensity. An estimate of the natural relaxation
rate on the order of 10−3 s−1 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 Φ = 0.05 s−1 nm−2. kVUV

HL + kVUV
LH =

keffHL − knHL = 2.8 × 10−3 s−1 is inferred from the fit
in Fig. 9b. Assuming kVUV

HL to be negligible in com-
parison to kVUV

LH , we find a VUVIESST cross section

σ = kVUV
LH /Φ ≈ 0.06 nm2 = 6 Å

2
. Cross sections of 6 Å2

and ≈ 2 Å2 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 60–90 s 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,76–80 and solid phase,80–83 but not yet for
SCO complexes on surfaces. At temperatures where the
relaxation is sufficiently fast (microsecond timescale),
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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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1. Kahn, O.; Kröber, J.; Jay, C. Spin Transition
Molecular Materials for displays and data record-
ing. Adv. Mater. 1992, 4, 718–728.

2. Gütlich, P.; Garcia, Y.; Goodwin, H. A. Spin
crossover phenomena in Fe (II) complexes. Chem.

Soc. Rev. 2000, 29, 419–427.

3. Halcrow, M. A. Spin-Crossover Materials: Proper-

ties and Applications, 1st ed.; Wiley: Chichester,
West Sussex, United Kingdom, 2013.

4. Molnár, G.; Salmon, L.; Nicolazzi, W.; Terki, F.;
Bousseksou, A. Emerging properties and applica-
tions of spin crossover nanomaterials. J. Mater.

Chem. C 2014, 2, 1360.

5. Kumar, K. S.; Ruben, M. Emerging trends in spin
crossover (SCO) based functional materials and de-
vices. Coord. Chem. Rev. 2017, 346, 176–205.

6. Molnár, G.; Rat, S.; Salmon, L.; Nicolazzi, W.;
Bousseksou, A. Spin Crossover Nanomaterials:
From Fundamental Concepts to Devices. Adv.

Mater. 2017, 2017, 17003862.

7. Shi, S.; Schmerber, G.; Arabski, J.; Beaufrand, J.-
B.; Kim, D. J.; Boukari, S.; Bowen, M.;
Kemp, N. T.; Viart, N.; Rogez, G. et al.

Study of molecular spin-crossover complex
Fe(phen)2(NCS)2 thin films. Appl. Phys. Lett.

2009, 95, 043303.

8. Naggert, H.; Bannwarth, A.; Chemnitz, S.; von
Hofe, T.; Quandt, E.; Tuczek, F. First observation
of light-induced spin change in vacuum deposited
thin films of iron spin crossover complexes. Dalton

Trans. 2011, 40, 6364–6366.

9. Palamarciuc, T.; Oberg, J. C.; Hallak, F. E.; Hir-
jibehedin, C. F.; Serri, M.; Heutz, S.; Létard, J.-F.;
Rosa, P. Spin crossover materials evaporated under
clean high vacuum and ultra-high vacuum condi-
tions: from thin films to single molecules. J Mater

Chem 2012, 22, 9690–9695.

10. Ludwig, E.; Naggert, H.; Kalläne, M.; Rohlf, S.;
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23. Rubio-Giménez, V.; Bartual-Murgui, C.; Gal-
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