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ABSTRACT

Variable temperature studies of the electronic structures of four different Fe(Il) spin crossover
molecules, [Fe(H,B(pz),).(bipy)] (pz=pyrazol-1-yl, bipy=2,2’-bipyridine),
[Fe(H,B(pz),2)2(phen)], [Fe(phen),(NCS);] (phen= 9,10-phenantroline), and [Fe(PM-
AzA)(NCS),]  (PM-AzA=4-phenyldiazenyl-N-(pyridin-2-ylmethylene)aniline) by  X-ray
absorption spectroscopy (XAS), combined with electrical properties studies of [Fe(PM-
AzA),(NCS),] single crystal are presented. We show that both the XAS signature of the
powdered spin state sample and the dielectric permittivity of the [Fe(PM-AzA),(NCS),] single
crystal change at significantly lower temperatures than the magnetometry, structure, and
resistivity indicators of a spin crossover transition. These findings suggest that the electronic
structure phase ordering process does not simply follow the spin transition. The changes in
electronic structure are in agreement with the expectations from density functional theory (DFT)
results for the different molecular electronic structures associated with the high spin and low spin

states.

INTRODUCTION

The spin crossover (SCO) phenomenon, occurring in various 3d transition metal compounds,
is associated with changes to molecular electronic structure, as a consequence of the splitting of
the energy of the transition metal d orbitals, for example into #,, and e, when set in octahedral
ligand fields."™® There is a rich body of experimental work indicating that SCO transition can be

induced by a change in temperature, pressure, light, magnetic and electric fields.”"> Spin



crossover induced by temperature is most frequently studied, typically with the transition
identified by a change of magnetic moment and modification of structural properties and crystal
packing of the spin crossover molecules. Magnetic measurements are considered as the key
experimental indicator of the SCO molecular state, typically making a transition from a
diamagnetic low spin (LS) state at low temperatures to a paramagnetic high spin (HS) state at

high temperatures for the most studied class of complexes based on d® Fe(II) cation.

A recognized complication in the thermal SCO transition is the occurrence of cooperative
behavior that possibly results in thermal hysteresis.'*>''"'*'® The steric hindrance of the change
of molecular conformations when modifying the molecules spin state results in the thermal
stabilization and persistence of a given spin state when sweeping the temperature. Furthermore, a
mix of states is often observed at a given temperature. There is therefore a shared convention
defining a ‘transition’ temperature as the temperature where there are equal numbers of
molecules in the two spin states (T,,). Further complications result from the possible metastable
stabilization of the high-temperature (usually HS) spin state. The best-documented example is
light activation of the high spin state (light-induced excited spin-state trapping or LIESST), at
temperatures well below the SCO transition temperature (T;,), where the low spin state should
be dominant.*>>'*!'"* LIESST requires the experiments be performed at lower temperatures, in
order to thermally stabilize a metastable light-induced high spin state that may be or not similar
to the thermodynamic paramagnetic HS state at high temperature. At higher temperatures,

approaching SCO transition temperature (T;),'*'%?

thermally induced relaxation causes the
light-induced excited spin-state to collapse to the thermodynamic ground state that is the low

spin state at those temperatures below T, i.e. the optical excitation does not stabilize the high

spin state to elevated temperatures.



Organic and molecular electronics research fields have become increasingly interested in
switching molecular entities, with SCO among the candidates for molecular switching transport
studies. This has drawn attention to the implications of SCO transition on transport properties.’”
11162426 The spectroscopic signature of the SCO transition, particularly of the unoccupied
electronic states, has been shown to be a powerful indication of electronic changes between high
and low spin states, ideally suited for thin films studies.'®!""**">* Electron-induced (IESST)’
and soft X-ray induced excited spin state trapping (SOXIESST)'® (meta)stabilization of the high
spin states at low temperatures has also been reported. Again, it is possible to observe a dominant
high spin phase at the lowest temperatures, while the low spin phase re-appears at temperature
approaching the transition, where thermal excitations free the system from the quenched high-

temperatures state.

The question must be asked as to whether the spectroscopic signature of the SCO transition
need follow the SCO spin transition, as determined in magnetometry, in “lock-step”, as has been
claimed."® It is therefore of primary importance to check if the temperature stability of a given
spin state depends on the experimental probing techniques, as the excitation might be invasive,
up to the point it provides opportunities to the system under study to reach a metastable state in a
complicated energy landscape. This becomes particularly critical for investigations targeting thin
films of molecular thickness, better suited for large electric field stress, and probed with
spectroscopic tools using significant irradiation doses required for solving signal-to-noise issues.
This is especially true, because of the clear evidence for extrinsic factors to affect spin crossover

transition, including stabilization of the spin state by an electric field.”
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Figure 1. Schematics of the Fe(ll) spin crossover complexes [Fe(H,B(pz)2),(bipy)] (bipy=2,2 -
bipyridine), [Fe(H:B(pz),)2(phen)], [Fe(phen):(NCS),], and [Fe(PM-AzA),(NCS),] (PM-AzA=4-

phenyldiazenyl-N-(pyridin-2-ylmethylene)aniline). For clarity, some hydrogen is not shown.

We mostly focus our attention here on X-ray absorption spectroscopy (XAS), possibly
resulting in soft x-ray induced excited spin state trapping (SOXIESST), which is documented for
Fe(bpz),(phen) (pz=pyrazol-1-yl, phen= 9,10-phenantroline)."”” These findings raise the question
of whether the excitation spectroscopies are representative of the fully relaxed spin state of a
molecule at finite temperature. To explore these possible complexities in SCO transition we have
sought to compare the temperature dependence of the magnetic, structural, electrical, and

electronic structure of spin crossover complexes. In order to avoid further difficulty in transition



temperature interpretation, we focus our attention on systems (Figure 1) that exhibit little thermal
hysteresis of the spin state while being in the crystalline form: [Fe(H,B(pz).)2(bipy)] (bipy=2,2’-
bipyridine), [Fe(H,B(pz),).(phen)], [Fe(phen),(NCS);], and [Fe(PM-AzA),(NCS),] (PM-
AzA=4-phenyldiazenyl-N-(pyridin-2-ylmethylene)aniline). All are possible candidates for thin

films sublimation in high-vacuum conditions.

METHODS

[Fe(H2B(pz),)2(bipy)] and [Fe(H2B(pz).)2(phen)] were synthesized according to reference [34].
[Fe(phen)>(NCS),] and [Fe(PM-AzA)»(NCS),] were synthesized according to references [35]

and [36] respectively.

X-ray absorption spectroscopy measurements of [Fe(H,B(pz),)2(bipy)], [Fe(H2B(pz),)2(phen)],
[Fe(phen),(NCS);], and [Fe(PM-AzA),(NCS),] powders were performed at the U4B beamline at
the National Synchrotron Light Source at Brookhaven National Laboratory.’” The measurements
were taken in the total electron yield (TEY) mode of operation across the Fe 2ps,, or Ls; edge and
Fe 2py;, or L, edge. The collected spectra were normalized by incident beam intensity monitored
by a Au mesh mounted upstream of the sample chamber, and the Fe L;, edge spectrum of an
iron oxide (Fe;O3) film was measured as an accompaniment to the XAS data for each molecular
complex sample as reference for alignment and calibration. The Fe 2p3/, or L; edge measured in
the high spin (HS), or higher temperature spin state, at 705.3+0.3 eV photon energy (Figure 1) is
in rough agreement with the values of 704.9 eV,'%'7*! 705.5 eV****** but lower than the values
of 705.9 eV'" to 706.5 eV'® previously measured for Fe based spin crossover complexes. These

differences in the Fe 2p;/, or L; edge are easily attributable to differences in calibration



Characterization of the crystal size expansion and electrical properties, performed on [Fe(PM-
AzA),(NCS),] single crystals, were taken on the same crystal in the same environment (pressure
in the 10™ mbar range in a pumped cryostat). Crystal expansion was measured using a sensitive
capacitance dilatometer,*® with AC and DC electrical properties simultaneously recorded by an

impedance meter (Agilent E4980A).

The first-principles calculations were carried out using projected augmented wave method
(PAW)* as implemented in the Vienna ab initio simulation package (VASP).***! We used the
plane-wave energy cutoff of 500 eV and the I' point for the Brillouin zone integration. The
experimental structures were applied a single molecule then embedded in a 50x50x50 A® cubic
unit cell. Gaussian smearing of 0.1 eV was adopted for the static calculations. Both the HS state
and LS state were obtained to confirm the ground state for the different molecules. To describe
the electronic structure correctly, we used the rotationally invariant local density approximation
(LDA)+U method** but with no LSDA exchange splitting. We set the onsite correlation energy
U =5.0 eV and exchange energy J = 0.9 eV for localized 3d orbitals on Fe atoms, but we have
investigated the Hubbard U dependence of our results (see supplementary materials) and find
some variation in the e,/t), ratios in both LS and HS states for different choices of the onsite

correlation energy U.
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Figure 2. The temperature dependent X-ray absorption spectra of (a) [Fe(H,B(pz),),(bipy)], (b)
[Fe(H:B(pz),):(phen)], (c) [Fe(phen),(NCS),], and (d) [Fe(PM-AzA),(NCS),]. Red indicates
spectra mostly indicative of the high spin (HS) state, blue, mostly of the low spin (LS) state and
black indicates spectra taken within the range of the thermal transition with resulting mixed spin

states.



ASSIGNMENT OF THE UNOCCUPIED MOLECULAR ORBITALS

The Fe L-edge X-ray absorption (XAS) spectra are representative of state to state transitions of
electrons excited from Fe 2p orbital to 3d empty orbitals. Other intra-atomic Fe transitions from
2p to 4s are of low probability while excitations to 4p are dipole forbidden. So analysis of the
XAS Fe L-edge spectra will emphasize the Fe 3d weighted empty orbitals. For the Fe based spin
crossover molecular systems under consideration, in the low spin state, the six 3d electrons are
paired and occupy the three #,,-like orbitals leaving the e,-like orbitals empty. In high spin state,
the e, set is filled with two unpaired electrons while four electrons occupy the three orbitals of
the #5,. The usually degenerate > T, is generally orbitally quenched by the deviation of molecular
geometry from the perfect octahedron. Figure 2 illustrates that the changes in the X-ray
absorption spectroscopy (XAS) features, across the spin crossover transition, are generally
similar for [Fe(H,B(pz),).(bipy)], [Fe(H.B(pz).).(phen)], [Fe(phen),(NCS),], and [Fe(PM-
AzA)(NCS),], and resemble those of prior work.'™'"?!** Although the signal is smaller, these
signature changes in the XAS spectra at the Fe L3, Fe 2ps/, core, edge are also seen at the Fe L2,

Fe 2p1/2 core, edge (supplementary materials).

In order to better understand the XAS spectra, we compare our XAS results with the Fe
weighted unoccupied e, and ty.-like states for both the high spin and low spin molecular states
calculated by means of density functional theory (DFT). The DFT calculations were based on the
published molecular structures of [Fe(H.B(pz),)(bipy)l,¥  [Fe(H:B(pz),)»(phen)],*
[Fe(phen),(NCS),],** and [Fe(PM-AzA),(NCS),]" for high spin and low spin states. The

resulting Fe weighted partial density of states (DOS) is shown in Figure 3 for spin crossover



complex [Fe(H,B(pz),).(bipy)], and correspond to the XAS spectral features, as indicated in

Figure 2a.
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Figure 3. [Fe(H:B(pz),)2(bipy)] DFT calculations for the high spin state (a) and low spin state

(b) Fe partial density of 3d empty states: e, (blue) and t;, (red). Energies referenced to the

chemical potential as E-EF.

The interpretation and conclusions for the other molecules are similar, with partial density of
states similar to Figure 3 and the full density of states calculations detailed in the supplementary
materials and elswhere.* Thus, although there are clearly differences in the XAS spectral weight
components, depending on the ligands, as seen in Figure 2, there is good correspondence with
theory (supplementary materials) and the trends are similar for all of the complexes studied. We

are aware that the DFT description of the electronic excited states is flawed and direct
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comparison with spectroscopy is typically poor. One difficulty is the level alignment, i.e. the
position of Kohn-Sham orbitals is not accurate due to the exaggerated self-interaction in DFT
itself.***® Thus the positions of the unoccupied states (electron affinity) are not reliable within
DFT, as widely acknowledged. Since our purpose is simply to identify the unfilled levels, and
compare the relative position and relative weight of those levels, we do not go beyond DFT,
though some problems with DFT might be alleviated by inclusion of delta-SCF (self consistent
field) methods and perturbative inclusion of many-body effects. Thus these calculations do not
include the multiple final states that further broaden the XAS spectral features, nor is theory

corrected for matrix element effects.

In principle, for the high spin state, the unoccupied 3d weighted molecular states contain both
t2.-like and eg-like orbitals, while the unfilled 3d in a low spin state contain mainly e, orbitals.
This simple fingerprint is confirmed and illustrated by the DFT calculations, with a partial
density of 3d empty states shown in Figure 3, clearly showing the differences in the density of
states above the Fermi energy, accessible by XAS. Since the ligand field on Fe site is a distortion
of octahedral symmetry, assignment of the 3d states, with lower-lying #,-like and higher-lying
e,-like states, 1s only an approximate symmetry label. Because of the distortion from octahedral
symmetry, it is worth noting that both the nominally #;, and e, states, in reality, are split
reflecting the overall lower point group symmetry. There is clearly an enhancement of several
t2.-like low lying unfilled molecular orbitals in the high spin state, which are suppressed in the
high spin state. These changes seen in the DFT calculations in regard to the lower-lying #,,-like
unoccupied state placement are consistent with the addition of t,, weight at the bottom of the
conduction band (or lowest unoccupied molecular orbitals) and below the unoccupied e,

molecular orbital spectral density. Qualitatively these changes reflect the change in unoccupied

11



32,33

density of states seen in inverse photoemission spectroscopy (IPES) and at the Fe L; edge

XAS, 9283133 59 one goes from the low spin state to high spin state for the Fe based spin
crossover molecular complexes, as illustrated in Figure 3 and observed in Figure 2. This is the
origin of the changes in the low lying unoccupied molecular orbital #,,/e, density of states ratio
with temperature.

Not only do the different molecular spin states lead to differences in the occupation of #,, and
e, states, but this contrast also depends on the ligand field. This is seen in the XAS spectra of
Figure 2, as differences in the spectral weight ratio of the nominlly “e./t,,” symmetry low lying
unoccupied molecular orbitals in the Fe Ls-edge spectra. From DFT -calculations, we can
diagonalize the density matrix, and obtain the eigen states of the density matrix and the
occupation number for each state. For the lower lying #,, orbitals in [Fe(H,B(pz),).(bipy)] for
both HS and LS states, we find a mixture between dy, and dx,. The corresponding eigenstates for
te orbitals are dyy, (1/\/2)(dyz-dxz) and (1/\/2)(dyz+dxz). All t,, orbitals are occupied in low spin
state in both spin channels. In high spin state, the (1/\/2)(dyz+a’xz) is occupied in only one
(majority) spin channel while empty in another spin channel. Quantitatively, by counting the
partial occupation density of each orbital, we can estimate from our DFT calculations that the
eg/thg ratios for [Fe(H,B(pz),)2(bipy)] are [ ][] Cfor the high spin state and [15 for the low spin
state, although these ratios are uncorrected for matrix element and final state effects. The e/t
ratio, in HS state, is quite inert to the choice of Hubbard U parameter, whereas in LS state, the
e /t, ratio varies from 3.8 to 5.8 in the range of 3 eV < U < 6 eV (details in supplementary
materials). This is remarkably consistent with the XAS analysis (Figure 4(a)), which indicates

empirical values of 0.7+0.2 for the high spin state and ~5 for the low spin state.

12



. 1,5,7,43-44,49-50
As explained elsewhere, 7+

and confirmed by our own DFT model calculations, the
change in the molecular spin state is associated with an intramolecular structural change,
dominated by the metal center to ligand covalent bond length changing, i.e. between Fe and N
atoms in our cases, which is a thermally reversible process. At the structural change, modifying
the pseudo-octahedral molecule field drives the spin crossover, and therefore the changes in
electronic structure should be associated with the changes in the molecular spin state. The ratio
of “e4/t>,” empty orbitals does change with ligand, as seen in Figure 2, and confirmed by theory
(supplementary materials). Nevertheless, overall, the relative changes with temperature in the
“eq/ts” empty orbitals ratio are expected to be a direct fingerprint of the changes in electronic
structure associated with molecular spin crossover transition. This is again confirmed by theory

(13

(Figure 3 and supplementary materials). In the LS state, the “e,/t;,” low lying unoccupied
molecular orbital density ratio is relatively large due to fully filled #,,-like molecular orbitals and
empty eg-like molecular orbitals, while for the high spin state, this “ey/t,,” ratio should be close

to 1 because both the e, and #;, Fe weighted low lying unoccupied molecular orbitals have

similar partial densities.

CONCORDANCE OF THE ELECTRONIC AND MAGNETIC STATES ?

The e4/t;e XAS signature of the spin state as a function of temperature is presented in Figure 4,
where it is compared with the magnetometry changes associated with the thermal transition.
Using the temperature (Txas) where the XAS data indicate a 50% occupancy of HS or LS,
surprisingly, the data reveals an electronic structure transition at temperatures well below the
spin crossover transition temperatures: 119+13 K for [Fe(H.B(pz).).(bipy)], 141+7 K for

[Fe(H2B(pz)2)2(phen)], 140+11 K for [Fe(phen),(NCS);], and 164+7 K for [Fe(PM-

13



AzA),(NCS),] versus temperatures of ~160 K for [Fe(H,B(pz),).(bipy)], ~164 K for
[Fe(H,B(pz),)2(phen)], ~180 K for [Fe(phen),(NCS),], and ~188 K for [Fe(PM-AzA),(NCS);]
50% occupancy of the high spin state (T;,) derived from the molecular magnetic susceptibility.
Both Txas and Ty, are estimated assuming that the characteristic signatures of no occupancy of
the high spin state occur at 80 K and those representative of 100% occupancy in the high spin

state occur at 300 K, as indicated in Figure 5.
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Figure 4. The temperature dependence of the relative magnetic moment (blue) compared to the

relative empirical unoccupied “eg/t;s” molecular orbital state ratio (red) abstracted from the

XAS for (a) [Fe(H:B(pz)2)2(bipy)], (b) [Fe(H:B(pz)s)x(phen)], (c) [Fe(phen)»(NCS),] and (d)

[Fe(PM-AzA),(NCS),]. Ty identifies the thermal spin crossover transition identified from
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SQUID magnetometry and Txys roughly identifies the transition in electronic structure indicated

by the empirical “ey/t;,” ratio.

This temperature transition mismatch between XAS and the magnetometry measurements is
systematic and unambiguous, especially when the data is recast as a plot of high spin (HS) or low
spin (LS) state occupancy, as done in Figure 5. Such difference in temperature indicators of the
spin crossover transition are not apparent in the detailed comparison of magnetometry and
Mossbauer spectroscopy for [Fe(H,B(pz),)2(bipy)] and [Fe(H,B(pz),)(phen)]. For these
compounds no difference is seen between magnetometry and Mdssbauer spectroscopy.” We
emphasized in Figure 2 the isothermal XAS spectra indicative of roughly 50% high spin (HS)
state occupancy. We see in Figure 5 that 50% occupancy of the high spin states, indicated by
XAS, occurs at temperatures where magnetometry data indicates more than 90% low spin (LS)
molecules (using the conventional the molecular magnetic susceptibility yyT, but plotted on a
relative scale in Figure 5). Indeed the XAS data interpretation points towards a majority of the
sample in the HS state well before the magnetometry shows a similar occupancy. Even if we
reconsider our approach of using the eg/f, ratio as spin state indicator, XAS spectrum and
magnetometry data at these temperatures cannot be reconciled. This temperature difference in
the indicators of the spin crossover transition, of typically 20 degrees or more, is valid for ALL
four molecules studied. Systematic errors in samples temperature cannot be excluded from the
XAS data, but have been minimized, as the XAS data was taken when heating the sample from
the base temperature. The temperature difference we find in Figures 4 and 5 are at least 4 times
larger than our highest estimate of error in measurement. Note that the temperature discrepancy

cannot be explained by a SOXIESST-type effect either, as this would only stabilize the high spin

15



state in the lowest temperature range (and in fact has been reported at temperatures below the

range shown here).
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Several scenarios for the origin of this complication in spin crossover transition temperature
exist. First, the differences in sample environmental pressure, when performing the two types of
experiments, might explain the difference in transition temperatures: SQUID magnetometry is
performed in mbar partial He pressure, while XAS was performed under high vacuum
conditions, at typically 4 to 6 orders of magnitude lower pressures. A sensitivity of the transition
temperature to pressure is possible for spin crossover materials,”' and decreasing the pressure
should diminish the transition temperature. Yet a difference of tens, if not hundreds, of MPa
pressure would be generally (although, strictly speaking, not always) needed to change the
critical temperature roughly 10 K,”' much less than the average 25 K temperature differences
derived from XAS and magnetometry, so the pressure argument does not seem applicable to this
case. Second, one should also recall that XAS is probing the first 5 -10 nm of the sample surface,
while magnetometry is a bulk measurement. This is of concern because while diffuse reflectance
measurements for [Fe(H,B(pz),).(bipy)] and [Fe(H:B(pz),)»(phen)]** did not show any
difference with the magnetometry data, nevertheless, differences up to 13 K for T,, were
observed between evaporated thick films and bulk magnetic data. Therefore, one can speculate
that the molecules at the surface of the micro-crystals exhibit a transition temperature lower than
the bulk. Third, that in spite of claims that the magnetometry follows the structural transition of

7,49,50

the spin crossover molecular complexes, structure and magnetometry are not in perfect

lock-step. This latter possibility is suggested by Figure 6, as discussed below.

17
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guide the eye as to the temperature placement of the significant changes in the transport

measurements.

To bring further insight into the above evidence of complexity in the spin crossover transition,
we have undertaken complementary characterization, investigating transport measurements of a
single crystal of [Fe(PM-AzA),(NCS),] as shown in Figure 6. We compare data on thermal
behavior for crystal size expansion and electrical properties, performed on [Fe(PM-
AzA),(NCS),] single crystals, to magnetometry data measured on a microcrystalline powder in a
partial He background pressure (same as Fig. 5d). All three measurements were taken on the
same crystal in the same environment. The change of crystal length is a macroscopic indicator of
the change of crystalline structure, which tends to follow, as expected, the magnetic transition,
and confirms that the environment pressure does not influence significantly the transition
temperature, as is also expected. The structural transition is, however, much broader than the
indicated transition from magnetometry. Yet the onset of the increasing unoccupied state
signatures of high spin state occupancy in XAS, as indicated in Figure 5, occur at temperatures
far below the accepted spin crossover transition temperature. This as well as the data of Figure 5
suggests that there is also a mismatch of the XAS derived electronic transition and the structural
transition.

The observed high-value resistance exhibits a 10% change in the vicinity the [Fe(PM-
AzA),(NCS),] spin transition (magnetometry) temperature (~175 K versus ~188 K). The
magnitude and trend should be interpreted with caution, as it might relate to contact resistance
effects (two-points measurements geometry), which can possibly be altered by the minute

geometrical changes of the crystal. However, there is clear departure for the dielectric
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permittivity, which shows a distinct change at temperature lower (146+3 K) than the magnetic
transition, i.e. the transition in dielectric permittivity occurs at about the temperature where the
XAS derived low lying unoccupied state e,/ts, ratio starts to significantly deviate from the ratio
expected for the low spin state, as indicated in Figure 5d. Although the corresponding transition
temperature, observed in the XAS (164+7 K), occurs after the change in the dielectric
permittivity, we note that in both the dielectric permittivity and the XAS derived e,/?,, signature
low lying unoccupied state ratios, the transition occurs well below the ~188 K transition
temperature indicated by the magnetometry for [Fe(PM-AzA),(NCS);]. These electrical data
reveal a change at lower temperatures in dielectric permittivity and at higher temperature in
resistivity but all the measurements were performed on the same sample, in the same
environment, with the same apparatus. This finding, and its match to the XAS discrepancy
discussed previously, suggest that environment and surface effects cannot be used to explain all
the observed discrepancies in the transition temperatures. Previous results of Bousseksou and
coworkers'® have shown no difference between dielectric constant and magnetic data, but these
were polycrystalline samples and intergrain transport would dominate and mask any effect of the
single crystal or single molecule.

The extensive literature on manganites has shown that electronic structure changes in this
inorganic oxide need not precisely accompany a magnetic transition, and a charge order
transition distinct from the magnetic transition occurs at lower temperatures.’>® Current
induced,’®>’ photo-induced™® and X-ray induced™®® transitions from the charge ordered (lower
temperature) state have also been reported. While the spin crossover molecular complexes are
very different from the inorganic perovskites, the work with the manganites demonstrates there is

no a priori reason that the final state must be reliable indicator of a unique spin state in the
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molecular initial state, when probed using an energetic excitation. The lesson we learned from
these experiments in manganites is that different measurements of the electronic structure,
magnetic moment, and electric transport measurements may exhibit different transition
temperatures.

We therefore tentatively propose that final state effects (including many body effects,
configuration effects, variously screened final states and second order multiple excitations) of the
spectroscopy technique have an influence of the observed spin state spectroscopic fingerprint or

that the structural transition of the spin crossover molecular complexes,”*

and magnetometry
are not in perfect lock-step. As this has not been observed above 100 K, a long lived X-ray

induced excited spin-state trapping akin to optical excitations that give rise to LIESST is

unlikely, but X-ray absorption spectroscopy does produce a significant photocurrent. For this

12,13,61-62 9,10,11

reason, an electrostatic or current induced transient switching the molecular spin
state, in the vicinity of the spin crossover transition, ' is possible and might be associated with a
change in the dielectric constant. Steric hindrance, including crystal packing, sample
conductance and flux density would all then play a role in determining at what temperatures, this
transient, not necessarily even metastable, electronic transition would occur. Yet the very
demonstration that electron-induced (IESST)’ and soft X-ray induced excited spin state trapping
(SOXIESST)" can lead to (meta)stabilization of the high spin states at low temperatures, while
static fields™ can stabilize the hgigh spin state over a wide range of temperatures does suggest
that small changes in dielectric constant could well lead to a sufficiently long lived transient state

that bears some of the spectroscopic signatures of the high spin state in these Fe(II) spin cross-

overcomplexes. We have shown for the crystalline molecular ferroelectric copolymer
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poly(vinylidene fluoride (PVDF)-trifluoroethylene (TrFE)), that transient excitations can alter

the unoccupied density of states measured in inverse photoemission.®

CONCLUSION

We have investigated the unoccupied electronic structure of several molecular spin crossover
systems  [Fe(H2B(pz)2)a(bipy)], [Fe(H2B(pz)2)2(phen)], [Fe(phen),(NCS),], and [Fe(PM-
AzA),(NCS),] and combined with transport and permittivity data find that the spin crossover
transition may be governed by several order parameters. The transition probed by different
measurements would indicate several different spin crossover temperatures, distinct from the
benchmark spin crossover transition temperature T, indicated by magnetometry and Mossbauer.
Thus caution about determining the spin crossover transition must be taken when applying final
state spectroscopies as an accurate indicator of the spin crossover transition — this may not
always be true. The possibility that a transient excited state, involving unoccupied electronic
structure, might resemble the signatures of the high spin state is consistent with the observation
that the spin crossover transition is influenced by electric field and current. In some respects,
these results for the molecular spin crossover transition resemble the separation of the charge

ordering transition from the ferromagnetic transition in the manganites.
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