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The dynamics of the soft x-ray induced excited spin state trapping (SOXIESST) effect of
Fe(phen)2(NCS)2 (Fe-phen) powder have been investigated by x-ray absorption spectroscopy (XAS)
using the total electron yield method, in a wide temperature range. The low-spin (LS) state is excited
into the metastable high-spin (HS) state at a rate that depends on the intensity of the x-ray illumina-
tion it receives, and both the temperature and the intensity of the x-ray illumination will affect the
maximum HS proportion that is reached. We find that the SOXIESST HS spin state transforms back
to the LS state at a rate that is similar to that found for the light induced excited spin state trapping
(LIESST) effect. We show that it is possible to use the SOXIESST effect in combination with the
LIESST effect to investigate the influence of cooperative behavior on the dynamics of both effects.
To investigate the impact of molecular cooperativity, we compare our results on Fe-phen with those
obtained for Fe{[Me2Pyrz]3BH}2 (Fe-pyrz) powder, which exhibits a similar thermal transition tem-
perature but with a hysteresis. We find that, while the time constant of the dynamic is identical for
both molecules, the SOXIESST effect is less efficient at exciting the HS state in Fe-pyrz than in
Fe-phen. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818603]

I. INTRODUCTION

Spin cross-over (SCO) molecules have garnered increas-
ing scientific attention due to their interesting potentialities
as intrinsic switches.1, 2 Indeed, those complexes can un-
dergo a change in their spin state by applying various ex-
ternal stimuli so as to alter the ligand field around the mag-
netic site. Fe(phen)2(NCS)2 (phen = 1,10-phenanthroline,
see Fig. 1(a); denoted Fe-phen hereafter) is a well-studied
SCO complex3 that can change from a S = 0, low-spin (LS)
state to a S = 2, high-spin (HS) state by increasing the
temperature above 176 K,3 by illumination at low tempera-
ture (LIESST)4–6 or through pressure.7 We have shown that
the SCO property of Fe-phen can withstand physical vapor
deposition.8 This in turn allowed us to study single-molecule,
SCO-based memristors,9 in which the electric current govern
the molecule’s spin state, as an elegant and robust path toward
memristive spintronics.10

The spin transition has been studied by a wide range of
techniques, including Mössbauer spectroscopy, magnetic sus-
ceptibility and reflectivity,11 and optical absorption, for which
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Institut, Karlsruhe, Germany.

good reviews12, 13 exist, but x-ray absorption spectroscopy
(XAS) can, advantageously, shed light on the electronic struc-
tures of both states, which makes it particularly interesting for
fundamental investigations,14 especially on thin films and iso-
lated molecules.9, 15, 16 Furthermore, it can not only be used as
an investigation technique, but can also trigger the LS-to-HS
transition at low temperatures (SOXIESST effect) as demon-
strated by Collison et al.17 (not to be confused with the similar
effect given by hard x-ray excitation18).

Until now, it has been suspected that the SOXIESST ef-
fect resembles the light-induced excited spin state trapping
(LIESST), but this similarity has not been investigated in de-
tail. The relaxation of LIESST-generated HS into LS has al-
ready been investigated by XAS.19 As we will detail here-
after the influence of the SOXIESST effect should not be
overlooked under 60 K as it may lead to a time-dependence
of the LS-to-HS transition within this temperature range.
Since the LIESST process has been already nearly entirely
elucidated,20 we aim to draw the attention of the scientific
community to the similarities and differences between both
effects.

We find that the two effects follow similar dynam-
ics and are complementary one to another, which sug-
gests that, as with the LIESST effect,11 cooperativity
plays an important role in the SOXIESST effect. To test
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FIG. 1. Schematic view of (a) Fe(phen)2(NCS)2 and
(b) Fe{[Me2Pyrz]3BH}2. (c) Temperature-dependent measurement of
Fe-pyrz susceptibility measured by SQUID. Arrows indicate the temperature
sweep direction.

this tenet, we compare with another molecular species,
Fe{[Me2Pyrz]3BH}2 (Fe-pyrz, see Fig. 1(b)), whose spin
transition is accompanied by a thermal hysteresis. We find
that, while the time constants are similar, the x-ray excita-
tion seems less efficient. Overall, since the effect has been
at times overlooked,19 our results indisputably confirm that
the SOXIESST effect exists. In turn, we provide guide-
lines and practical considerations on the possible effects one
might come across while studying SCO molecules using
XAS.

II. METHODS

A. Molecules

The Fe(phen)2(NCS)2 powder used in this study was syn-
thesized by G. Rogez using a standard technique,21 while
the Fe{[Me2Pyrz]3BH}2 powder was synthesized by A. B.
Gaspar from the group of Professor J. A. Real, using an im-
proved synthesis compared to that reported in the litterature:22

the coumpound was synthetized under Ar atmosphere by
adding dropwise 2 mmol of the salt K[HB(3,5-(CH3)2pz)3]
dissolved in methanol (15 ml) to a methanolic solution con-
taining 1 mmol of Fe(BF4)2 · 6H2O (5 ml). After complete
addition of the K[HB(3,5-(CH3)2pz)3]2 solution a white pre-
cipitate appears. The precipitate was washed with methanol
and dried under vacuum, for a yield of 60%. For x-ray ab-
sorption measurements, powders were pressed onto a tanta-
lum plate that was fixed onto a copper sample holder, which
was then mounted in the cryostat.

B. X-ray absorption spectroscopy: Data acquisition
and analysis

XAS is a powerful technique to investigate SCO, since
it is element-specific and depends on the transitions between
core and valence electrons. This makes it possible to witness
the electronic difference between the two spin states. XAS
experiments were carried out on beamline DEIMOS at the
SOLEIL synchrotron.23 XAS spectra were acquired in total
electron yield mode. Until now, this technique was too slow
to witness the dynamics of the SOXIESST effect, but thanks
to recent experimental improvements on beamline DEIMOS,
the time required to acquire one spectrum dropped from 20 to
1 min, thereby enabling slow dynamics studies.

Since our experimental tool, namely XAS, can alter the
HS proportion through the SOXIESST effect, particular care
was taken in implementing the correct experimental method-
ology. Where noted, studies of the SOXIESST dynamics were
obtained by acquiring a series of XAS spectra at a stabilized
temperature, oftentimes only over the L3 edge so as to gain
in temporal resolution. The subsequent measurement of the
HS proportion is then determined using the first XAS spec-
trum of this series, i.e., within 1 min of sample illumination
with x-rays. This inferred HS proportion is called the virgin
HS proportion. The time stamp of each subsequent mea-
surement corresponds to the midpoint of the measurement.
This allowed us to investigate the SOXIESST dynamics (see
Figs. 3(a) and 3(b)). We label the stabilized HS proportion due
to SOXIESST the SOXIESST HS proportion, determined us-
ing the last XAS spectrum of the series. Subsequent measure-
ments of the SOXIESST HS proportion were then achieved
by first resetting the sample’s HS proportion by heating the
sample to 80–100 K while blocking the x-ray beam, then sta-
bilizing the subsequent temperature. As another experimen-
tal protocol, we first measured a SOXIESST HS proportion
at 4 K, and then increased temperature to 60 K while per-
forming XAS measurements. The inferred value of this HS
proportion is called the SOXIESST without (w/o) reset HS pro-
portion. Unless noted, samples were not exposed to visible
light before or during XAS measurements so as to avoid the
LIESST effect. When the additional impact of LIESST was
investigated, visible light excitation was achieved using stan-
dard white LEDs. This is denoted as the SOXIESST + LIESST
HS proportion. We have also explored, starting from 4 K and
while maintaining x-ray and LED illumination, the tempera-
ture dependence of the HS proportion, which is then labeled
the SOXIESST w/o reset + LIESST HS proportion. Practical
examples of these denominations can be found in Figs. 3(a)
and 3(b).

Finally, as previously reported,17, 19 we also observe the
degradation of the Fe-phen molecule over time (the so-called
soft x-ray photochemistry), which is manifested by the freez-
ing of a LS state, probably through the removal of one of
the ligand groups. But, at an estimated photon density of
6.4 × 109 ph/s/mm2, this process is sufficiently slow for Fe-
phen: we estimate that the rate of this process is under 3% of
the sample under the x-ray beam/h. A similar behavior was
observed for Fe-pyrz, with a rate of approximately 11% of
the sample/h at 6.1 × 108 ph/s/mm2. As expected, at low



074708-3 Davesne et al. J. Chem. Phys. 139, 074708 (2013)

illumination, both molecules suffer far less degradation.
Therefore, we recommend low XAS illumination parameters
for the measurement of Fe(II) SCO compounds, as they still
allow the easy recognition of the spin states while avoiding
undesirable side effects.

This allowed us, over the course of several runs, to
notably study the impact of x-ray photon density on the
SOXIESST effect. The first run utilized an estimated photon
density I0 = 6.1 × 108 ph/s/mm2 in single bunch filling mode:
a single bunch of 20 mA is circulating in the synchrotron ring,
illuminating the sample at a frequency of 0.847 MHz; for the
second run I = 6.4 × 109 ph/s/mm2 ≈ 10 I0; and for the third
run I = 1.2 × 1010 ph/s/mm2 ≈ 20 I0 both in hybrid filling
mode: in this mode, 3/4 of the ring is filled with 312 bunches
of 1.36 mA, with the last quarter of one single 5 mA bunch,
illuminating the sample at a frequency of 352.2 MHz. The
diaphragm openings were kept constant throughout the three
series of measurements.

III. RESULTS

Referring to Fig. 2(a), the Fe-L2,3 edge spectra exhibit a
clear temperature variation between two extremal spectra ob-
tained at 280 K or 300 K, and 100 K. These spectra have been
ascertained, in the literature14, 17, 19, 24 but also in our previous
study,9 to belong to the Fe-phen pure HS and LS states, re-
spectively. For a given XAS spectrum, we may extract the HS

FIG. 2. (a) XAS reference spectra, obtained using photon intensity I0, of the
HS and LS states of Fe-phen and Fe-pyrz powders. (b) Raw Fe-phen XAS
spectrum measured at T = 30 K and I = 10 I0 and fit to the raw XAS spectrum
using a combination of the HS/LS reference spectra (78% HS, 22% LS).

FIG. 3. (a) Examples of the Fe-phen HS proportion dynamics that illustrate
the impact of temperature and x-ray intensity. A Fe-pyrz dataset is also plot-
ted for comparison. Lines represent fits using Eq. (1). For each SOXIESST
dynamics spectrum, the stabilized value of the HS proportion was used to
plot the temperature dependence of the SOXIESST HS proportion shown in
Fig. 3(c). (b) SCO dynamics promoted by SOXIESST alone and LIESST
+ SOXIESST for 10 I0. The light-excited data-set was recorded by first illu-
minating the sample with light for 30 min to achieve a LIESST-saturated HS
proportion, then recording the SOXIESST dynamics spectrum. At the mark,
the LED intensity was increased to achieve a LIESST-induced increase in the
HS proportion. (c) Temperature dependence of the Fe-phen HS proportion,
obtained for 10 I0, for the virgin HS proportion (black); for the SOXIESST
HS proportion (red, lower temperature points follow the green curve); for the
SOXIESST w/o reset HS proportion obtained while increasing the tempera-
ture from 4 K under steady x-ray illumination (green); and for the SOXIESST
w/o reset + LIESST HS proportion obtained while increasing the tempera-
ture from 4 K under steady x-ray and white light illumination (blue). A com-
plementary subset of data, obtained using intensity I0, is plotted for Fe-pyrz
using open symbols.

proportion by fitting the spectrum using a linear combination
of these two reference spectra. A representative fit is shown
in Fig. 2(b).

For a given temperature, we have studied the temporal
evolution of the HS proportion. Examples of this extensive
study are shown in Figs. 3(a) and 3(b). Comparing with pre-
vious results,11 despite the different photon flux, we observe
that the process occurs in the same time frame as the LIESST.
Indeed, both the SOXIESST and the LIESST reach saturation
within hundreds to thousands of seconds. We also note that
the SOXIESST-generated transition is not complete using in-
tensity 10 I0 since the LIESST effect, whether applied before
or once the SOXIESST effect saturates, leads to a higher HS
proportion (see Fig. 3(b)).

We plot in Fig. 3(c) the temperature dependence of the
HS proportion. Notably, we observe a hysteresis between the
SOXIESST HS proportion (red) and either the SOXIESST
HS w/o reset proportion (green) or the SOXIESST w/o re-
set + LIESST HS proportion (blue). This appears to be a
kinetic effect since the LIESST HS (metastable) → LS re-
laxation speed is very slow2, 6 at those temperatures. All mea-
surement protocols yield the same SOXIESST HS proportion
at T ∼ 60 K.
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IV. DISCUSSION

Contrary to previous studies17 in which a complete tran-
sition was achieved, we observe only a partial HS transition.
The HS fraction reached upon SOXIESST with 10 I0 light
intensity can be increased by applying visible-UV light ex-
citation as illustrated in Figures 3(b) (red) and 3(c) (blue).
However, we suppose that this is due to a weaker x-ray il-
lumination in our experimental conditions (6.4 × 109 pho-
tons s−1 mm−2 in this first case, compared with 1011 in
Collison et al.17). This hypothesis is supported by our results
at higher x-ray intensity 20 I0, for which the conversion is
nearly complete (see Fig. 3(a)). We observe a hysteresis be-
tween the SOXIESST HS proportion and SOXIESST w/o re-
set proportion, as has similarly been observed for the LIESST
effect.25

The previous study suggested that the SOXIESST and
LIESST mechanisms should be similar:17 a LS state transi-
tions to an excited state, then relaxes into either a LS or a
metastable HS state. In turn, the HS state relaxes slowly to
the LS state through intersystem crossing (ISC).4, 26 When fit-
ting a given experimental spectrum with reference HS and LS
spectra so as to extract the HS proportion, we do not notice
any anomalous deviation from the noise present in the remain-
der spectrum. This suggests that a possible excited transitional
state relaxes at least within the 60 s duration of our XAS spec-
trum. According to the literature,11 the LIESST excitation and
relaxation dynamics are self-accelerated due to cooperative
effects, which leads to nonlinear dynamics. In our case, we
simplify the model by disregarding the excited state and the
cooperative effect and by just using the LS-to-HS conversion
and the subsequent relaxation, with their respective rate con-
stants:

LS
k1→ HS, HS

k2→ LS,

This leads to the following equation of evolution of the HS
proportion:

pHS = −k1

k1 + k2
× e−(k1+k2)×t + k1

k1 + k2
. (1)

This yields give 1/(k1 + k2) as the time constant and
k1/(k1 + k2) as the saturation.

As a note, our experiments seem to indicate that the
SOXIESST effect is not resonant. Indeed, we observe that the
energy of the x-ray illumination and the HS proportion evo-
lution are not correlated: the HS proportion dynamics are the
same if we measure the subsequent spectra over L3 and L2 or
only L3. Besides, a possible reverse-SOXIESST phenomenon
may also exist, in analogy to the reverse-LIESST.27 Therefore,
since we cannot identify precisely the beginning of the excita-
tion, we allow within the fitting procedure a time offset so as
to grant some freedom to temporally position the initial point
of the SOXIESST process and we position the timestamp for
each spectrum at the middle of the time window.

At first, we ascertain that k1 seems to be independent
of the temperature above approximately 10 K. This is in
agreement with LIESST experiments, for which k1 is con-
sidered to mostly depend on the intensity and the probabil-
ity of conversion.11 We thus fit the curves using a global k1

FIG. 4. Temperature dependence of the fitted values of (a) the HS → LS
relaxation rate constant, with experimental values of Lee et al.19 and a fit of
the 10 I0 data points based on Eq. (2), (b) the saturation, k1/(k1 + k2), and (c)
the time constant 1/(k1 + k2) of the SOXIESST effect for Fe-phen powder,
for every SOXIESST dynamics and every intensity.

for all the SOXIESST dynamics with the same x-ray inten-
sity. We find that k1 for I0 is 5.9 × 10−4 s−1; for 10 I0 is
2.8 × 10−3 s−1; and for 20 I0 is 3.0 × 10−3 s−1.

The relaxation parameter k2, which corresponds to the
relaxation of the metastable HS state into the LS state, has
been already investigated in the case of the LIESST effect for
several spin transition molecules.26 Experimental values of k2

resulting from LIESST determined by Lee et al.19 are plot-
ted in Fig. 4(a) alongside our results for comparison. How-
ever, the actual HS → LS relaxation follows the equations
for an ISC process,26 rather than the more common Arrhenius
law. Above 30 K,13 we should include in the law a cooper-
ative term that depends on the HS proportion:25 k2(T, PHS)
= k2(T, 0) × exp(−α(T) × PHS), α being proportional to the
inverse of the temperature. This term is also present in the ex-
citation. This could explain the dispersion in our results, since
a slight HS proportion before illumination can induce drastic
changes in the k2. Second, the ISC process exhibits a tunnel-
ing regime that makes it diverge from an Arrhenius model at
low temperatures. In essence, some relaxation still occurs be-
low 30 K.13 To illustrate this discrepancy, we plot as a line in
Fig. 4(a) a fit to the 10 I0 data-set corresponding to the fol-
lowing modified Arrhenius equation:

k2 = A × e
( −Ea

kB ×T
) + limT ⇒0 k2(T ). (2)

Nevertheless, our results are in qualitative agreement with
those from the previous LIESST dynamics experiments.19, 26

Notably, we observe a stable k2 from 4 K to 40 K,26 and an
exponential increase above 40 K. We find Ea = 32 ± 17 meV,
compared to 61 ± 9 meV for the LIESST-excited relaxation
in the litterature.19 Similarly, the relaxation rate is controlled
mostly by the preexponential factor, as A = 6.4 for our results
compared to A = 57 in Ref. 19.

For T < 10 K, we observe an apparent decreasing trend in
the saturation (Fig. 4(a)), as well as a decrease in the time con-
stant (Fig. 4(b)). A decrease of the magnetic moment (linked
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TABLE I. Fit parameters for Fe-pyrz and Fe-phen acquired using two x-ray intensities.

Intensity Temperature (K) k1 (s−1) k2 (s−1) Time constant (s) Saturation

I0 Fe-pyrz 5 3.2 × 10−4 3.2 × 10−4 1560 0.50
Fe-phen 5.2 5.9 × 10−4 1.2 × 10−4 1390 0.83

20 I0 Fe-pyrz 11 1.4 × 10−3 1.1 × 10−3 395 0.56
Fe-phen 10 3.0 × 10−3 2.3 × 10−4 386 0.91

to the HS proportion in the sample) has already been noted for
the LIESST effect using magnetic measurements for various
SCO molecules,28 but it has been attributed to various mea-
surement artifacts. However, some of the proposed factors,
such as the opacity of the sample preventing light penetra-
tion, the zero-field splitting, and antiferromagnetic coupling
in the case of dinuclear compounds, cannot result from the
XAS technique. Despite this, we still observe a similar ef-
fect. Therefore, we suggest a new explanation for the behav-
ior: this could reflect a decrease in the effective k1, which is
quasi-constant between T = 10 K and T = 50 K. This could
reflect a reduced molecular mobility, which impairs the struc-
tural change associated with the spin transition. Essentially,
low-temperatures “freeze” the given spin state and impair the
switch. On the other hand, the molecules located at the grain
boundaries or interfaces may remain more mobile, which re-
sults for T < 10 K in a “faster” transition and in a decrease
in saturation. Our model does not account for this behavior,
which would explain the anomalous increase in k2 and de-
crease in the time constant at temperatures under 10 K.

Our extensive dataset appears to show an inconsistent
progression toward higher SOXIESST HS proportion with
x-ray intensity (compare panels (a) and (b) of Fig. 3). At
present, we surmise that this might reflect spin transition
dynamics induced by the synchrotron source itself. Indeed,
the I0 dataset was acquired in single bunch filling mode,
while the other two datasets were acquired in hybrid mode.
Since the single bunch filling occurs by bursts of 20 mA at
0.847 MHz, whereas the hybrid filling occurs by bursts of
1.36 mA at 352.2 MHz, such a difference might act upon the
rate of conversion of a transitory state of the lifetime typically
in the nanosecond regime.9, 13 This would mean that in the
synchrotron’s hybrid mode, after a first photon bunch excites
part of the sample the sample still exhibits a remaining transi-
tory state when the next photon bunch illuminates the sample.
Subsequent measurements beyond the scope of this work may
clarify this point.

Figure 3(b) reveals that the LIESST and SOXIESST ef-
fects may be combined to achieve a higher HS proportion.
This means that it is possible to incrementally deploy the
LIESST (SOXIESST) effect and then, starting from a steady
state, to study the dynamics of the SOXIESST (LIESST)
effect. Our investigation involves the XAS technique, but
one can imagine using the x-ray source exclusively to irra-
diate while deploying another technique, such as magnetic
susceptibility, to measure the HS proportion without alter-
ing it. In our case, at T = 4.8 K and after renormalisation
on the same quantity of matter, k2 = 7.9 × 10−4 s−1 for
the sample that was pre-illuminated with white light, while
k2 = 2.0 × 10−3 s−1 for the virgin sample. This suggests that

the SCO dynamics are faster when part of the sample is al-
ready in the HS state at a given temperature, in agreement
with the cooperativity processes that underscore how the SCO
process is presently understood.11

As a test of how cooperativity may impact the SCO dy-
namics, we now compare our results on Fe-phen with those
obtained on Fe-pyrz. As seen in Fig. 1(c), and in contrast
to Fe-phen, Fe-pyrz exhibits a thermal hysteresis in its ther-
mal spin transition. Yet the HS → LS transition is thermally
sharper than the LS → HS transition. Since the transition
sharpness reflects the strength of the intermolecular cooper-
ativity that takes part in the transition,12 this suggests that the
HS → LS transition involves stronger intermolecular cooper-
ativity than the LS → HS transition, for reasons that are yet
unclear and outside the scope of this study. One possible ori-
gin lies with structural differences between both states.29 As
seen in Fig. 2(a), the XAS spectra for Fe-pyrz are quite simi-
lar to those found for Fe-phen. Since both molecules share the
same octahedral arrangement (including the nitrogen “cage”),
this was to be expected.

The time constants for Fe-pyrz are very similar to those
for Fe-phen, as exhibited in Table I. Yet, for the same in-
tensity I0 and at T = 5 K, the SOXIESST HS proportion
achieved by Fe-pyrz (∼0.4 at 3500 s) is lower than that
for Fe-phen (∼0.8 at 3500 s). This shows that Fe-pyrz re-
quires greater x-ray photon intensity than Fe-phen in order
to convert. Comparing both spectra, we notice that a peak
at 711 eV is absent from the Fe-pyrz spectrum. This peak
is believed to be related to the hybridization between the
Fe(II) 3d orbitals and the NCS ligands.22 While we have al-
ready ascertained that the SOXIESST effect is non-resonant
(thus putting aside the “direct” influence of the 711 eV ab-
sorption band on the mechanism), this suggest that metal-
ligand charge transfer plays an important role in the SOX-
IESST effect, like in the LIESST.20 Taken together, these re-
sults suggest that, while the excitation process is the same
for both molecules, compared to Fe-phen, the illumination
of Fe-pyrz might less efficiently induce the LS → HS tran-
sition and, conversely, the HS → LS relaxation of Fe-pyrz
might be more efficient. This would be in agreement with the
more strongly cooperative HS → LS, and more weakly co-
operative LS → HS, transitions observed for Fe-pyrz (see
Fig. 1(c)). This could result from a crystallographic
phase transition, defect creation, or from an intrinsic low-
cooperative LS form.

V. CONCLUSION

We have confirmed the existence of the SOXIESST effect
using two different Fe(II) complexes. Beyond lifting doubts
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on the existence of the effect raised by the community,19 our
results show that one should take into account its presence at
low temperatures (under 60 K). However, as we have estab-
lished, the intensity of the illumination is crucially linked to
the amplitude of the effect, and we postulate that weak illu-
mination could result in an apparent absence of the effect, or
a very weak influence as was observed recently.15 We have
also ascertained the usefulness of the XAS technique in to-
tal electron yield detection mode toward investigating the dy-
namics of relatively slow processes such as x-ray excitation of
a SCO molecule. While it was not possible to observe excited
states for the SOXIESST effect, the progressive transforma-
tion of one spin state into another is clearly visible. Variations
in inter-molecular cooperativity seem to affect the amplitude
of the SOXIESST effect as well, but the time constants are
left unchanged. We have shown that it is possible to combine
two techniques to be used not only to generate a determined
proportion of HS but also to investigate the dynamics of the
transition, thereby enabling further studies of cooperativity
between SCO molecules during the spin transition process.
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