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Abstract
Understanding and controlling the spin-crossover
properties of molecular complexes can be of partic-
ular interest for potential applications in molecu-
lar spintronics. Using near edge X-ray absorption
fine structure spectroscopy, we investigated these
properties for a new vacuum-evaporable Fe(II) com-
plex, namely Fe(pypyr(CF3)2)2(phen) (pypyr = 2-(2’-
pyridyl)pyrrolide, phen = phenanthroline). We find
that the spin-transition temperature, well above room
temperature for the bulk compound, is drastically low-
ered for molecules arranged in thin films. Furthermore,
while within the experimentally accessible temperature
range (2K < T < 410K) the bulk material shows
neither indication of light-induced excited spin-state
trapping (LIESST) nor indication of soft X-ray in-
duced excited spin-state trapping (SOXIESST), these
effects are observed for molecules within thin films up
to temperatures around 100K. Thus, by arranging the
molecules into thin films, a nominal low-spin complex
is effectively transformed into a spin-crossover complex.
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The emergence of new physical phenomena upon ad-
sorption of molecules on surfaces has stimulated con-
siderable research within the field of molecular spin-
tronics.1–14 Conversely, for functional (e.g., switchable)
molecules, the adsorption of such molecules on surfaces
is often detrimental to their intrinsic functionality.15
Recently, substantial efforts focused on preventing or
minimizing the so far unfavorable effect of the sub-
strate on spin-crossover (SCO) complexes, a particular
class of functional molecules, whose spin state can be
switched by various stimuli including light.16 Indeed,
the spin bistability or even the integrity of the frag-
ile SCO complexes are generally affected by the prox-
imity of metal surfaces.17–26 In such cases, the spin-
switching functionality of the molecules may be re-
stored by resorting to less reactive surfaces17,22–24,27–30
or by increasing the molecular-layer thickness,23,31–45
as the molecules are expected to gradually recover their
intrinsic bulk properties as the layer thickness is in-
creased. The reverse effect – SCO of a nominally non-
switching bulk compound enabled upon adsorption on
a substrate – has so far not been reported. Here, we
use near edge X-ray absorption fine structure (NEX-
AFS) spectroscopy to investigate the bulk and thin-
film SCO properties of a new vacuum-evaporable Fe(II)
compound, namely Fe(pypyr(CF3)2)2(phen) (pypyr =
2-(2’-pyridyl)pyrrolide, phen = phenanthroline), here-
after referred to as Fe-pypyr. Interestingly, the so-called
light-induced spin-state trapping (LIESST),46–50 an ef-
fect common to SCO compounds where the spin state of
the molecules is switched by light from a low-spin (LS)
to a high-spin (HS) state at low temperature, is only
observed in thin films. Furthermore, the spin-transition
temperature is drastically reduced for the molecules
within thin films relative to the bulk compound.
Fe-pypyr is composed of a Fe2+ ion surrounded by

two 3,5-bis(trifluoromethyl)-2-(2’-pyridyl)pyrrolide lig-
ands and by one phenanthroline ligand (Fig. 1a). From
the fact that the pyrrolide groups of the two pypyr lig-
ands are in trans position in the trigonal-bipyramidal
precursor [Fe(pypyr(CF3)2)2(THF)] (Ref. 51) we as-
sume that this also holds for the title complex. The C2

symmetry of the complex is supported by the fact that
the 19F NMR spectrum exhibits two signals of equal
intensity for the CF3 groups of the pypyr ligands (see
SI). The arrangement of the ligands leads to an octahe-
dral nitrogen coordination around the Fe center. The
resulting ligand field lifts the degeneracy of the five d
orbitals of the Fe ion into eg and t2g sets of orbitals
(Fig. 1b). Depending on the strength of the ligand field,
two electronic configurations of the Fe center can be re-
alized, leading to two possible spin states. In the LS
state, the six d electrons of the Fe ion occupy the t2g
orbitals, forming a total spin S = 0, while in the HS
state, the eg and t2g orbitals are partially filled result-
ing in a total spin S = 2. A LS-to-HS transition may
be achieved by increasing the temperature above the
spin-transition temperature T1/2, at which by definition
50% of the molecules are in the HS state. As will be

discussed below, Fe-pypyr has a spin-transition temper-
ature T1/2 = 390K, i.e., well above room temperature
and is henceforth herein referred to as a nominal LS
compound.
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Figure 1: (a) Model of the Fe-pypyr molecule.
(b) Simplified electronic configuration of the Fe2+ ion
within Fe-pypyr. The total spin of the molecule de-
pends on the strength of the ligand field and may be
either S = 0 (low spin) or S = 2 (high spin).

NEXAFS spectroscopy provides chemical and orbital
selectivity and thus is particularly suitable to determine
the spin states of the investigated SCO molecules. In
the present case, the Fe L2,3 absorption edges are of
prime interest as their fine structure and energy position
sensitively depend on the occupation and ligand field
of the Fe d orbitals. This leads to characteristic and
distinct X-ray absorption (XA) spectra for the HS and
LS states as previously reported for Fe2+-based SCO
compounds.17,29,52–55
Figure 2a shows an XA spectrum at the Fe L3 and

L2 edges for Fe-pypyr powder at 120K (blue curve).
As expected for a nominal LS compound, the XA spec-
trum is typical of that of a pure LS state. A second
XA spectrum (red curve) was measured at 28K under
laser illumination. The light should switch the SCO
molecules from the LS to a metastable HS state. For
low temperatures (typically < 100K), the HS-to-LS re-
laxation can be sufficiently slow so that a fraction of
the molecules effectively stays trapped in the HS state.
The phenomenon is referred to as LIESST.46–50 Yet, the
measured spectrum at 28K (red curve in Figure 2a) is
essentially the same as the one measured at 120K (blue
curve in Figure 2a), that is characteristic for a pure LS
state. This implies that TLIESST, which is here defined
as the upper temperature at which the LIESST effect is
visible, is lower than 28K.
It is worth mentioning that the signal-to-noise ratio

of the X-ray spectra is reduced most probably due to
charging56 of the molecules that affects the total elec-
tron yield signal. Furthermore, Fe impurities, most
probably in the Ta foil used as a substrate for the pow-
der, effectively broaden the spectra of Fe-pypyr pow-
der (SI). Nevertheless, the quality of the spectra is
sufficient to deduce the spin state of the investigated
molecules. For comparison, the XA spectrum measured
on the powder sample at 410K with a HS proportion
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of approximately 90% is shown in Figure 2a (green).
The different HS fractions in Fe-pypyr powder at 120K
(0%) and at 410K (90%) lead, as expected, to differ-
ent XA spectra. Complementary SQUID measurements
were carried out on Fe-pypyr powder (Figure 2c), not
only confirming the NEXAFS results but also reducing
the upper limit of TLIESST to 2K. Fe-pypyr powder is
therefore effectively a LS compound with no evidence
of the LIESST effect down to temperatures of 2K. As
discussed below, the relaxation rate kHS→LS is presum-
ably too high for HS molecules to stay trapped.
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Figure 2: XA spectra at the Fe L3 and L2 edges for (a)
an Fe-pypyr powder and (b) Fe-pypyr thin film (∼ 40
ML) on 1T−TiTe2. The blue spectra were acquired at
120K where the molecules are in the LS state. The red
spectra were acquired at 28K under illumination with
a 532 nm laser (intensity of 1.6mWmm−2). Only the
Fe-pypyr molecules in the thin film exhibit switching
to the HS state under illumination (same laser inten-
sity). For comparison, a further XA spectrum acquired
at 410K (green, HS fraction of approximately 90%) is
displayed in (a). Additional XA spectra are shown in (b)
for temperatures between 28K and 120K under illumi-
nation evidencing a gradual increase of the HS fraction.
(c) Temperature dependence of the HS fractions for Fe-
pypyr powder and Fe-pypyr thin film. The HS fraction
is determined from XA spectra or from SQUID mea-
surements (see SI), respectively. The Fe-pypyr thin film
has a lower spin-transition temperature than the Fe-
pypyr powder (black dashed lines). Furthermore, the
Fe-pypyr thin film, in contrast to Fe-pypyr powder, ex-
hibits a LS-to-HS transition at low temperatures via the
SOXIESST and LIESST effects. The dashed gray line
is an extrapolation of the SQUID measurement. The
dashed blue, green and black lines are guides to the
eye. The XA spectra shown in (a) have been smoothed.

kHS→LS may be decreased provided that the (inter-
nal) pressure is reduced.50,57 While in bulk matrices

this has been achieved by, e.g., Zn dilution,58 a reduc-
tion of the pressure can also be envisaged by reduc-
ing the dimensionality of the compound (e.g., in the
form of thin films or nanoparticles). Indeed, previous
studies reported (i) an anticorrelation between T1/2 and
kHS→LS

50,57 and (ii) a tendency toward a reduced T1/2

for SCO molecules in thin films or nanoparticles rela-
tive to the bulk form.35,44,59–61 This tendency can be
rationalized by the correlation between T1/2 and pres-
sure.60,62–64 To decrease kHS→LS , we prepared thin
films of Fe-pypyr (approximately 40 ML) on layered
metallic 1T−TiTe2 65 by thermal sublimation (see meth-
ods). Figure 2b shows an XA spectrum at the Fe L3 and
L2 edges for Fe-pypyr thin film at 120K (blue curve).
Again, the spectrum is characteristic of a pure LS state.
Interestingly and in contrast to the powder sample, the
XA data drastically change at 28K under illumination
with a 532 nm laser to the typical HS state spectrum
(red curve). This demonstrates that illumination at
28K switches the molecules from the LS to the HS state
(LIESST effect). Note that the molecules progressively
switch back to the LS state when the temperature is
increased to 120K (data not shown), evidencing the re-
versibility of the switching. From the change of the Fe
XA spectrum from 120K (blue) to 28K (red), we in-
fer that (i) the molecules are intact upon sublimation
as they show a reversible switching behavior and (ii)
kHS→LS of Fe-pypyr is significantly decreased in thin
film compared to the bulk form. XA spectra acquired
at intermediate temperatures (28K < T < 120K) un-
der illumination (light blue and red curves in Figure 2b)
show signatures common to the HS and LS XA spectra,
which implies a coexistence of HS and LS molecules.
The fraction of molecules in the HS state can be deter-
mined from the XA spectra as shown in the SI.
The HS fraction has been determined for different

temperatures for Fe-pypyr powder and Fe-pypyr thin
films (Figure 2c). On Fe-pypyr powder, spin-transition
temperatures T1/2 of 390K and 360K are inferred from
SQUID and XA measurements, respectively. The differ-
ence is most probably due to the different ensembles of
molecules probed by the two techniques. Indeed, while
XA spectroscopy in total electron yield mode is surface
sensitive and probes mostly the molecules at the surface
of the crystallites (typical photoelectron escape depth
on the order of 3 nm),66 the HS fraction inferred from
SQUID measurements is averaged over all molecules. In
turn, this suggests a reduced T1/2 (by 30K or more) for
the molecules at the surface of the crystallites relative
to those in the core of the crystallites. At temperatures
below 200K, the Fe-pypyr powder molecules are in the
LS state (blue circles in Figure 2c) independent of illu-
mination.
For Fe-pypyr thin films, the transition temperature

T1/2 is drastically reduced from 390K to approximately
330K (black dots in Figure 2c). This leaves approxi-
mately 25% of the molecules in the HS state at room
temperature, in contrast to the almost pure LS state
observed for Fe-pypyr powder. As shown above, Fe-
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pypyr thin films exhibit LIESST under illumination at
28K. In fact, the LIESST effect is visible up to tem-
peratures around 100K (green dots in Figure 2c). Fur-
thermore, the LIESST effect is relatively efficient for
the thin film of Fe-pypyr at 28K where a HS fraction of
100% is reached. Note that the HS fractions reported in
Figure 2c correspond to those of the stationary regime,
where an equilibrium between excitation and relaxation
is established under continuous illumination.
At low temperatures, Fe-pypyr thin films exhibit a

non-negligible HS fraction without laser illumination
(black dots in Figure 2c). This is due to the soft X-
ray induced excited spin-state trapping (SOXIESST)
effect, where the LS-to-HS transition is driven by X-
rays.45,53,54
To check for possible substrate effects, we have per-

formed similar measurements on Fe-pypyr thin films on
layered semiconducting 1T -HfS2 (see supporting infor-
mation (SI)). The values of T1/2 and TLIESST are compa-
rable to those of the Fe-pypyr/1T−TiTe2 system, sug-
gesting a limited influence of the substrate electronic
properties on the SCO properties.
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Figure 3: X-ray absorption intensity at a photon en-
ergy of 707.7 eV from an Fe-pypyr thin film as a func-
tion of time at 28K. The sample is illuminated with a
532 nm laser for 5 s every 10 s. The green areas corre-
spond to the intervals with illumination. The XA in-
tensity at a photon energy of 707.7 eV is correlated to,
but, due to photoelectric effects, not proportional to the
HS fraction within the Fe-pypyr thin film. Nevertheless,
the upper and lower HS fractions were determined from
auxiliary XA spectra and are 95% and 85%, respec-
tively.

Above, we argued that the internal pressure exerted
by the molecules is reduced when the molecules are ar-
ranged in a thin film, which in turn leads to a drastically
decreased kHS→LS . In the following, we use the LIESST
effect to estimate the excitation and relaxation rates
kHS→LS and kLS→HS , respectively. Figure 3 shows the
evolution of the XA intensity on thin film Fe-pypyr at
a photon energy of 707.7 eV as a function of time with
alternating cycles of illumination (532 nm laser on) and
darkness (laser off). Since the XA spectrum of HS Fe-
pypyr in the thin film exhibits a characteristic peak at
a photon energy of 707.7 eV (Figure 2b), the X-ray ab-
sorption intensity at this photon energy (displayed in

Figure 3) tracks the variation of the HS fraction. As
expected for the LIESST effect, the XA intensity expo-
nentially increases upon illumination and exponentially
decreases in darkness. Furthermore, the minima and
maxima of the XA intensity stay approximately con-
stant over many cycles, evidencing the reproducibility
of the LIESST effect. In addition, the data of Fig-
ure 3 indicate that no degradation of the investigated
compound is noticeable over the duration of the ex-
periment (150 s). In fact, radiation-induced damage of
the Fe-pypyr molecules can be observed when the ex-
position to X-ray exceeds 30min at a photon flux of
6× 1011 s−1 cm−2 (data not shown). To avoid radiation
damage of the molecules, the X-ray spot on the sample
was systematically displaced at the latest after 30min
and the photon flux reduced to 6× 1010 s−1 cm−2 for all
measurements.
The time constants of the XA intensity rise and decay

are in the range of seconds and can therefore be mea-
sured by XA with a typical acquisition time of ≈ 0.1 s
per data point. At 28K, an excitation rate kLS→HS

on the order of 1 s−1 (under illumination with a 532 nm
laser) and a relaxation rate of kHS→LS ≈ 3× 10−2 s−1

are extracted for Fe-pypyr in the thin film (see SI).
Note that these rates are approximate because the SOX-
IESST effect concurrently takes place. The relaxation
rates lie in the range usually observed for Fe2+-based
SCO compounds.26,45,50,54,57 With the present experi-
mental results, no HS-to-LS relaxation rate can be in-
ferred for Fe-pypyr powder, because no LIESST effect
was monitored. Nevertheless, relaxation rates between
102 s−1 and 106 s−1 were reported for SCO compounds
with high spin-transition temperatures (T1/2 ≥ 370K)
or for pure LS compounds at low temperature.50,57 If
one assumes such relaxation rates and an excitation rate
identical to that of the Fe-pypyr thin films, a HS frac-
tion kLS→HS/(kLS→HS+kHS→LS) between 1% and 10−4 %
would be expected, i.e., well below or at the detection
limit on Fe-pypyr powder (few percents). This confirms
that no observable LIESST effect is expected on bulk Fe-
pypyr samples, in agreement with the XA and SQUID
data.
In conclusion, we have shown that by reducing the di-

mensionality (from bulk powder to thin films), the SCO
properties of Fe-pypyr molecules are drastically modi-
fied: (i) the spin-transition temperature T1/2 is reduced
by approximately 60K, (ii) TLIESST is substantially in-
creased, from below 2K for powder to approximately
100K for thin films, and (iii) the molecules become sen-
sitive to the SOXIESST effect for temperatures between
28K and approximately 90K. Therefore, by arranging
the Fe-pypyr molecules into thin films, we transformed a
nominal LS compound into a SCO material. The emer-
gence of the SCO behavior is presumably caused by an
effectively reduced internal pressure of the Fe-pypyr thin
film relative to Fe-pypyr powder. These novel findings
suggest a new strategy to achieve robust SCO molecules
on surfaces. Considering that one of the main chal-
lenge in depositing SCO molecules on surfaces is their
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fragility, one may exploit (i) the usually increased ro-
bustness of the LS compound and (ii) the generation of
the SCO properties of the nominal LS compound upon
deposition on surfaces.

Methods
Sample preparation
1T−TiTe2 is composed of covalently bonded Te-Ti-Te
sandwich layers with weak van der Waals like forces be-
tween the triple layers. Atomically flat and chemically
saturated surfaces were obtained by cleaving the crys-
tals in vacuum along the basal plane. The Fe-pypyr
molecules were deposited in ultra-high vacuum (base
pressure of 5× 10−9 mbar) from a Knudsen cell heated
at 160 ◦C onto samples held at room temperature. The
samples were then transferred to the analysis chamber
without breaking the vacuum. The determination of the
film thickness is based on the Fe L3 edge jump by as-
suming ∼ 2% per ML. The relation between edge jump
and thickness is inferred from auxiliary measurements
on Fe-pypyr/Au(111) combining scanning tunneling mi-
croscopy and NEXAFS measurements. Furthermore,
according to these measurements, the proportionality
between edge jump and thickness seems to hold for this
system for thicknesses in the range of 40 ML.

X-ray absorption spectroscopy
The XA spectroscopy measurements were performed at
the P04 beamline67 at PETRA III (DESY, Hamburg).
The X-ray beam was defocused (spot size of approxi-
mately 1.1mm× 1.1mm) and the photon flux reduced
to 6× 1010 s−1 cm−2 to avoid noticeable damage of the
molecules. The polarization of the X-rays was circular
right. For the LIESST experiments, a 532 nm laser with
an intensity of 1.6mWmm−2 on the sample was used.

Magnetic susceptibility
Magnetic susceptibility data were obtained from pow-
dered samples using a Quantum-Design MPMS-5
SQUID magnetometer equipped with a 5T magnet.
For the LIESST effect studies, a fiber optic sample
holder (FOSH, Quantum Design) with a 200W Hg(Xe)
arc lamp was used together with a filter wheel (filter
centered at 510 nm with full width at half maximum of
80 nm), shutter and a multicore fibre (all LOT Oriel).
This light source is adequate for LIESST experiments
on typical SCO complexes.68 Diamagnetic corrections
were applied using the tabulated Pascal’s constants.
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