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SPIN CROSSOVER, LIESST, AND NIESST - 
FASCINATING ELECTRONIC GAMES IN IRON COMPLEXES 

PHILIPP GUTLICH 
Institut fiir Anorganische Chemie und Analytische Chemie, 
Johannes Gutenberg-Universitat, D-55099 Maim, Germany 

Abstract; Coordination compounds of transition metal ions with open-shell 
electron contigurations may exhibit dynamic electronic structure phenomena 
depending on the nature of the coordinating ligand sphere. The change of spin state 
with temperature (,,thermal spin crossover'') and light-induced electron transfer 
processes leading to long-lived metastable states are among the most fascinating 
electronic games encountered in transition metal compounds and are presently 
under intensive study by chemists and physicists.The first part of this lecture will 
survey briefly some highlights of previous work and present recent results on 
thermal spin crossover in iron@) compounds. The second part of the lecture will 
focus on selected examples of ,,L,ight-Induced Excited Spin State Trapping" 
(LIESST), with special emphasis on the occurrence of bistability and cooperative 
interactions during LIESST relaxation. The last part of the lecture will be devoted 
to ,,Nuclear Decay-Induced Excited Spin State Trapping"(NIESST), the unique 
experiment which allows one to make use of the nuclear disintegration of "Co 
+"Fe as an ,,internal light source" to generate such photophysical aftereffects as 
aliovalent charge and anomalous spin states, and to detect and characterize such 
metastable states simultaneously by time-integral and time-differential Mossbauer 
emission spectroscopy. Results from lifetime measurements by Mossbauer as 
well as optical techniques prove that the same relaxation mechanism applies to both 
phenomena, LIESST and NIESST. 

INTRODUCTION 

Beside the various magnetic properties there are numerous dynamic electronic structure 
phenomena in transition metal compounds, particularly of the 3d series, which have at- 
tracted much attention in recent years for both the sake of fbndamental research as well 
as for eventual application in electronic devices. Mixed valency,'J valence ta~tomerism~'~ 
with spontaneous spin transition in a metal  enter,"^ changes of spin state induced by 
heat, pressure, light, and nuclear decay,' and light-induced electron transfer leading to 
long-lived metastable  state^"^"^'^' are some of the fascinating electronic games, to name a 
few. All have in common that the compound under study exhibits a change of electronic 
ground state upon application of a certain external perturbation leading to a new state 
differing in the electronic and/or molecular structure. Figure 1 shows a schematic drawing 
of two potential weUs with the vibronic energies of a molecule in two different states, 1 
and 2, differing in their valence, spin, conformational, or structural state, as a fbnction of 
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18 P. GUTLICH 

the nuclear coordinate along a onedimensional vibrational mode (for simplicity). Coexis- 
tence between the two states can be reached, if the energy difference between the lowest 
vibronic levels of each state is on the order of, or comparable to, the thermal energy: AE 
= E: - E: = kBT (kB is the Boltzmann constant). 

t 

NUCLEAR COORDINATE NUCLEAR COORDINATE 

FIGURE 1 vibronic energy (schematic) of a one-dimensional vibrational mode of 
a molecule fluctuating between two states 1 and 2 differing in their electronic 
and/or molecular structure. The condition for coexistence of the two states 
@istability) is AE = EP - Et Y kBT (El, E2 are the lowest vibronic energy levels and 
rl, r2 the corresponding equilibrium normal coordinates). 

FIGURE 2 Schematic representation of the potential wells for the LS('A1) and the 
HSCT2) states of an iron@) spin crossover complex. The nuclear coordinate is the 
metal-ligand bond length r(Fe-L). Thermal spin crossover occurs if Urno P keT. 

The chemical equilibrium between the two states is strongly temperature dependent. 
Whether one actually observes the two states as static phases with a certain spectroscopic 
tool depends on the fluctuati0.n rates kI2 and k21. These, of course, depend upon the en- 
ergy barrier between the two states. Only if the reciprocal of the rates klz and k21 are 
longer than the characteristic ,,time window" of the spectroscopic method used for detec- 
tion can one ,,see" the two states as static phases with their characteristic sharp-line 
spectra. In this case one may speak of a bistable sysfem. The molar fractions of the inter- 
converting molecules (states) change with temperature or, at a given temperature, with 
pressure. This change may be gradual (continuous) or abrupt, or may even occur with a 
hysteresis (discontinuous). These properties may be used in applications of such bistable 
compounds as temperature or pressure sensors and in thermal and optical switching de- 

One particular class of bistable compounds which has enjoyed much attention by 
many research groups are coordination compounds undergoing thermal spin transition 
(spin crossover), a rocess which is well established to occur in complexes of 3d metal 
ions with d4 up to d electron configurati~n.~'*~~ In this case, state 1 in Figure 1 refers to 
the low spin (LS) state, and state 2 to the high spin (HS) state. This phenomenon has 
been known for more than sixty years. Cambi and his coworkers first reported, in the 
early thirties, on temperature-dependent changes of spin state in iron(III) tris-dithiolate 
complexes." More than thirty years later, Baker and Bobonich" reported the first iron(1I) 
spin crossover compound, the nowadays called classical [Fe(phen)t(NCS)2] system (phen 
= 1,lO-phenanthroline). Many additional compounds followed and launched a very active 
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SPIN CROSSOVER, LIESST AND NIESST 19 

field of research on spin crossover in transition metal compounds. Many cobalt(I1) com- 
pounds (d7),18 a couple of cobalt(II1) complexes(d6 19*20 some manganese(II1) com- 

mal spin transition. Octahedral iron(I1) spin crossover compounds exhibiting low spin 
(LS) t) high spin (HS) transition, in the framework of ligand field theory termed as 
Al(ta6) t) 'T2(ta4e;) in the approximation of ob symmetry, have been investigated ex- 

tensively using a variety of physical techniques such as magnetic susceptibility measure- 
ments, optical, vibrational, and Mossbauer spectroscopy, heat capacity and diffraction 
methods, magnetic resonance, EXAFS, and positron anihilation. Many review articles 
have appeared in the l i t e r a t~ re , "~ '~  covering all kinds of chemical, physical, and me- 
chanical influences on the spin transition behaviour, thermodynamics and kinetics, and a 
variety of theoretical approaches have been developed to describe the cooperative spin 
transition in crystalline spin crossover systems. 

In the course of our studies of thermal spin transition in crystalline iron(I1) com- 
pounds we have discovered that interconversion between the LS and HS states can also 
be induced by irradiation with light of the appropriate wave length into characteristic ab- 
sorption bands, whereby the newly generated metastable &ate may have practically infi- 
nitely long lifetimes, at least at sufficiently low  temperature^."^^ This effect of ,,Light- 
Induced Excited Spin State Trapping" (LIESST) appears to be common to iron(I1) com- 
pounds exhibiting thermal spin crossover and looks promising for hture applications in 
optical devices. The mechanism of LIESST has been elucidated3' and the dynamics of all 
intersystem crossing processes involved has been explored quantitati~ely.~~ 

Earlier work in our laboratory on the physical and chemical aftereffects of the nu- 
clear decay, by electron capture (EC), of radioactive 57C0 embedded in cobalt(I1) or 
iron(I1) coordination compounds has led to the observation of metastable HS states of 
iron(I1) in Mossbauer emission spe~ t ra ;~ .~  even in complexes with strong ligand fields 
where LS-iron(II) is the thermodynamically stable state. Later on, through the discovery 
of the LIESST phenomenon, it has turned out that the nature of these metastable HS 
states, generated via nuclear disintegration as a, so to speak, internal light source, which 
we now denote as ,,Nuclear Decay-Induced-Excited Spin State Trapping" (NIESST), are 
the same as those generated by LIESST. In fact, results fiom lifetime measurements using 
fast optical techniques after LIESST and time-differential Mdssbauer emission measure- 
ments after NIESST lend support to the conclusion that both phenomena possess the 
same relaxation mechanism. 

It is the purpose of this lecture, to present recent results from ongoing research on 
spin crossover, LIESST, and NIESST in iron(I1) complexes. For a summary of earlier 
work the reader is referred to the review articles mentioned 

pounds (d4),2* and even chromium(I1) (d4) compounds i'; are also known to undergo ther- 

1 

THERMAL. SPIN CROSSOVER 

The condition for thermal spin crossover to occur in iron(I1) complexes is schematically 
illustrated by the two-potential-well picture of Figure 2. 

There may be, as a rough estimate, some 150 to 200 iron(II) compounds known to 
undergo thermal spin transition. Most of them occur in the solid state, although some are 
also known to occur in liquid solution. A short review of the synthetic strategies in pre- 
paring spin crossover compounds has recently been given in ref. 28. The ligand field 
strength can be altered (fine-tuned) by ligand replacement or by introducing a more or 
less bulky substituent in the ligand molecule causing steric hindrance and in this way in- 
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20 P. GUTLICH 

fluencing the metal-ligand bond distance, which influences the ligand field strength. l4*I5 

This way it is possible in a rather controlled manner to come close to the critical field 
strength where the condition for thermal spin crossover to take place is met (see Figure 
2). or to move towards weaker or stronger ligand fields, i.e. the stability regions of HS 
or LS compounds. One has also learned that substituting iron isotypically by, for instance, 
zinc, or by replacement of the non-coordinating anion or solvent molecules in the crystal 
lattice can influence the spin transition behaviour, i.e. the spin transition curve YHS(T), 
dramatically. This may be considered unambiguous evidence for the existence of coop- 
erative interactions (see below). These are responsible for the ocurrence of various types 
of spin transition curves: gradual, abrupt, stepwise, or with hy~teresis.~ Thermal spin 
transition in liquid solution, where interactions between the spin state changing molecules 
can be neglected, always reflect gradual YHS(T) curves which can be reproduced by a 
simple Boltzmann distribution over all vibronic levels of the HS and LS states. Gradual 
yW(T) curves, however, are also encountered in solid spin crossover systems if the coop- 
erative interactions become negligibly weak. 

It was recognized already in the early stage of spin crossover studies from heat ca- 
pacity measurement$’ that this phenomenon is almost en’::ely entropy driven, with an 
effective entropy gain of ca. 50 to 80 Jmole’lK’ 7v2427 on going from the LS to the HS 
state. Only approximately one quarter of this gain arises from the change in spin multi- 
plicity, AS = SHS - SLS = R[ln(2S+I)Hs - In(2S+l)~s]. The main contribution comes from 
the much higher (intra- and intermolecular) vibrational degrees of freedom in the HS state 
as compared to the LS state (cf the higher vibrational density in the HS potential well of 
Figure 2). The effective enthalpy change AH = HHS - HLS is typically on the order of 10 to 
20 kJ mole-’ on going from the LS to the HS state 7,24*27 

Mechanism of Spin Crossover in Solids 
A successfil model for the quantitative interpretation of spin transition in solids should 
explain all the different types of measured YHS(T) curves. The HS fraction ym(T), as de- 
rived from Mossbauer spectra (in the slow relaxation limit) or from optical spectra, is the 
natural order parameter of the spin transition. Various attempts to describe quantitatively 
the different types of spin transition curves y~s(T) (gradual, abrupt, hysteresis, step) have 
been communicated in the Iiterat~re.’.~.~’ In fact, they mostly reproduce successfblly the 
measured ym(T) curves, but lack more or less the connection to the actual mechanism, 
i.e. the processes in the lattice that are responsible for the spin state changes in the metal 
centers in a cooperative fashion. A brief survey of such spin crossover models has been 
given in references 7,23,27. Another model, which is based on elasticity theory and, in 
fact, correlates the shape of the measured YHS(T) curves with the strength of long-range 
elastic interactions and allows one to express the interaction parameters in terms of ob- 
servable quantities like elastic (bulk) modulus and Poisson ratio 0, has been developed by 
H. Spiering in our gro~p.’~-’~ 

Long-Range Elastic Interactions 
The most important experimental finding for the interpretation of the interaction mecha- 
nism in spin crossover solids is the drastic metal-donor atom bond-length change accom- 
panying the spin transition,25’40 this bond length being some 10 % longer in the HS state 
than in the LS state.The resulting impact on the lattice can be viewed as an anisotropic 
deformation process through long-range elastic interactions. The elasticity theory explains 
the infinite extent of such interactions as a result of the image presstire on the boundary 
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SPIN CROSSOVER, LIESST AND NIESST 21 

of finite crystals.41 Consider, for instance, the LS-+HS transition with increasing tempera- 
ture in a finite mixed crystal containing LS, HS, and M complex molecules (M = Zn, Co, 
etc.) as sketched on the right-hand side of Figure 3. The entropy-driven conversion from 
LS to HS increases not only the volume of the complex molecule drastically (because of 
the transfer of two electrons from the weakly bonding tz8 orbitals to the antibonding e8* 
orbitals, cf. Figure 2), but may also change the shape of the molecules. Both effects have 
been illustrated in Figure 3. The close proximity of such noncubic dilatation centers (point 
defects) gives rise to dipole-dipole interaction (direct interaction). This is the possible 
explanation for the preferred formation of pairs of complexes of like spin (HS-HS, LS- 
LS) or unlike spin (HS-LS) on a short-range correlation scale (short-range interactions), 
which, to our present knowledge, are believed to be responsible for the steps observed in 
the transition curves of some spin crossover systems (see below). The coupled phonon 
system of the lattice ,,carries the message" of the formation of point defects due to spin 
state conversion through the lattice up to the sr-face of the crystal. The condition of a 
stress-free surface of the finite crossover lattice leads to an image interaction between the 
elastic defects. For illustration of the image interaction mechanism one may consider the 
simple case of spherical dilatation centers" as sketched on the left of Figure 3. The 
LS+HS conversion of an ensemble of such defects (on raising the temperature) causes 
the crystal to expand. The volume change AV of the crystal is directly related to the vol- 
ume change due to each center (indicated by the dark shaded section in Figure 3). In the 
case of a finite crystal, the stress-free boundary condition leads to a dilatation of the 
crystal which is larger than AV' by the so-called image volume change AV'" (indicated 
by the unshaded outer section); thus the total volume change (for a stress-free crystal af- 
ter the spin state conversion) is AV = AV' + AV" = yo AV' . The Eshelby constant yo = 
3( ]-a)/( I-) with 1 I yo 5 3 relates the overall volume change AV of the finite crystal to 
the dilatational defect AV'. The effect of the surface may thus be viewed as the impact of 
a negative pressure from the outside,42 which decreases the pressure inside the crystal and 
thus leads to facilitated formation of hrther HS centers. Conversely, an initial HS+LS 
transition (with decreasing temperature) is accompanied by an additional compression 
due to the surface causing fbrther.HS+LS transitions in a cooperative manner. 

FIGURE 3 Schematic illustration of the elastic interaction in spin crossover solids. 
Left: dipole-surface (image) interaction. Right: dipole-dipole (direct) interaction. 
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22 P. GUTLICH 

The macroscopic lattice deformation accompanying a spin transition in solids is re- 
flected by the observable deformation tensor including both the change of the volume and 
the shape of the unit These defonnations are related by Hooke's law to stresses 
via the elastic properties of the crystal lattice and thus contribute to the Gibbs free ener- 
gies of the crystal as elastic energies. The phenomenological thermodynamic treatment 
follows the d i d  solution theory of Slichter and Drickamer," and the cooperative inter- 
action energy is parameterized in the ~ragg-william~ approximation.2739 TO test this 
model of elastic interactions we have investigated the intluence of metal dilution on the 
sha of the spin transition curve in mixed crystals with variable iron concentration 
xSB4' The Gibbs fie energy per complex molecule, k, in a mixed crystal system of HS, 
LS, and M complexes (M = Zn, Co, etc.) is 

~I.B and ~ L S  are the Gibbs free energies of the HS and LS states, & that of the host lat- 
tice, and &~r refers to the Gibbs fiee energy of the residual lattice, taken as independent 
of ~HS. ~,&.Ls,x,T) is the interaction energy per Fe complex molecule. The mixing en- 
tropy is - (71s) = - b[ym lrrym + ( l-ym )ln(l-y~s)]; contributions to the mixing entropy 
independent of ~ H S  have been omitted. As the interaction energy per complex molecule 
must vanish at infinite dilution, &(y~s,x+O,T) + 0, the equilibrium condition 8&r/&y~~ 
= 0 yields the Boltzmann type population (with partition function Z )  according to 

From the expansion of the Gibbs 6ee energy and ordering the terms up to second order 
in ~ H S ,  a contribution of interaction energies 

is obtained, where the coefficients A and r are the phenomenological interaction con- 
stants (in the Bragg-Williams approximation). These quantities are related to the bulk 
modulus, Eshelby constant (or Poisson ratio), and the molecular volumes of the HS, LS, 
and M constitutent molecules.736 They are on the order of A(x) FS 300 cm-' and T(x) FS 
150 cm-' and decrease steadily with decreasing iron concentration to zero at x -+ 0. 
A comprehensive summary of the basic features of the model and its successfil applica- 
tion to describe the decreasing steepness of the spin transition curves with decreasing iron 
concentration in metaldiluted mixed crystals is given in references 7,28. So far we have 
investigated the effect of metal dilution on the spin transition behaviour in the picoly- 
lamine36.47*4g and the propyltetrazole ~omplexes.'~ The spin transition curves ym(T) de- 
rived from the area fractions of the Mossbauer spectra recorded at variable temperature 
in case of the pic-crystals and from the area fractions of the 'A1 + 'TI absorption band in 
case of the ptz-crystals show the same dependence on the iron concentration: the yHs(T) 
curves become more and more gradual and the transition temperature TH (ym = 0.5) shifts 
to lower temperatures with decreasing iron concentration. As an example, Figure 5 shows 
the transition curves ym(qT) 6om optical absorption measurements on single crystals of 
[F~Zn~~@tz)s](l3F&; the temperature dependent absorption spectra for a single crystal 
with x = 0.87 are depicted in Figure 4. 
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SPIN CROSSOVER, LIESST AND NIESST 23 

Shorr-Range Interactions 
The Bragg-Williams approach has proven to be a very good approximation for the inter- 
pretation of the long-range interactions, since for the spherical part of the elastic interac- 
tion in an isotropic medium, there is no direct short-range int-ction that could give rise 
to correlations between HS and LS molecules. The image pi ure is ubiquitous and ef- 
fectively extends to infinity. The occurrence of step-like spin transitions, however, which 
was first seen in case of [Fe(2-~ic)3]CIjEtOH " and later found to occur in other spin 
crossover compounds'253 lends support to the conclusion that short-range correlations 
appear to be active in this case and are, in fact, supposed to be the cause of such steps. 
Strong support for this conclusion comes from heat capacity measurements on the picoly- 
lamine complex.54p5' Jakobi et al. have derived the mixing entropy as a fbnction of tem- 
perature from the measured C, data and compared it with calculations of the mixing en- 
tropy under the assumption of random distribution of HS and LS molecules. Whereas the 
calculated temperature fhnction of S,&andom) shows a maximum in the step region of 
ym(T), the experimental data of S-(exp) are significantly reduced. This reduction of en- 
tropy has been interpreted in terms of an ordering of HS and LS molecules. 

Q 3.5 'r/K 
0 70 PO 'A,+~T% 

01, . . , , , , , , , , . . . j 
15000 20000 25000 - 30000 

v [cm-'1 

FIGURE 4 Temperature dependence of the optical density OD of the 'AI 4 'TI 
and the 'A, + IT2 absorption bands of [Feo.s,Zno.13(pt~)a](BF1)~ (from ref. SO).  

In a recent theoretical study, Kohlhaas et aLS6 have applied the Monte Carlo 
method to reproduce the two-step spin transition as well as the gradual lowering of TIQ 
with increasing x in the [F&Znl,(2-pic)3]Cb.EtOH mixed crystals. Both long-range in- 
teractions (predominantly accounting for the effect of metal dilution) and short-range in- 
teractions of antiferromagnetic type (HS-LS) with nearest neighbors and of ferromagnetic 
type (HS-HS, LS-LS) with next nearest neighbors (accounting for the occurrence of the 
step) in a simple cubic lattice have been included in the treatment. The results are shown 
in Figure 6. The simulation reproduces well the occurrence of the step in the transition 
curve of the pure spin crossover crystal (x = 1) and its disappearence upon dilution with 
zinc. The agreement between the simulated and measured transition curves is very good. 
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24 P. GUTLICH 
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T [KI 

FIGURE 5 Transition curves y ~ ( x , T )  from optical absorption measurements 
[F%Znl.x(ptz)6](BF,)in the high temperature structure R3i. In the cases of x = 0.87 
and 1 .O the structure was preserved by supercooling (sc) (fiom ref. 49). 

60 80 100 120 140 60 80 100 120 140 
T CK] T CK1 

FIGURE 6 The effect of metal dilution in [FeJhl,(2-pic)~]C12~EtOH. Compari- 
son of experimental data3g (x = 1 .OO, 0.98,0.94,0.89,0.86,0.70,0.60,0.50) and 
Monte Carlo simulations. The transition temperatures decrease with decreasing x. 

The same Monte Carlo method with similar assumptions has been used successfully to 
describe the influence of pressure on the shape of the spin transition curve of [Fe(2- 
~ ~ c ) ~ ] C I ~ . E ~ O H . ' ~  As can be seen from Figure 7, the step disappears under pressure, and 
the transition curves are shifted to higher temperatures with increasing pressure. The 
agreement between simulation and experiment is again excellent. This influence of pres- 
sure on the spin transition behaviour is, of course, conceivable in view of the known 
drastic shortening of the metal-ligand bond length accompanying the HS+LS conversion. 
Pressure studies have also been carried out with other spin crossover systems with dif- 
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SPIN CROSSOVER, LIESST AND NIESST 25 

ferent transition temperatures T112,s74 with the same result of stabilizing the LS state un- 
der pressure. It is clear that such material may be used, after appropriate calibration, to 
design pressure sensors. 

+ 1.0 

0.8 

0.8 

0.4 

0.2 

0 

c " " " " ' 4  

* :  t . .  

80 110 130 150 170 
T 131 

FIGURE 7 The effect of pressure on the spin transition curves of 
Fe(2pi~)~]Cl~.EtOH. Comparison of experimental data (p = 1,600, 1350 bar)39 and 
Monte Carlo simulations. The transition temperatures increase and the step in the 
transition curve disappears with increasing pressure. 

The occurrence of steps in spin transition curves has been a particular focus of 
various research groups lately, both from the experimental and theoretical point of view. 
Real et aL5' have simulated the two-step transition in the binuclear complex 
[Fe(bt)(NCS),]2(bpym) (bt = 2,2'-bi-2-thiazoline, bpym = 2,2'-bipyrimidine) assuming a 
random mixture of entities of four combinations of states, LS-LS, LS-HS, HS-LS, HS- 
HS, where the energies of the degenerate LS-HS and HS-LS pairs are equal and some- 
what lower than the mean of the energies of LS-LS and HS-HS pairs, thus favouring HS- 
LS formations. This treatment is along the lines of Sasaki and Kambara,6'b2 who have 
introduced a cooperative Jahn-Teller coupling of the 3d electrons to the molecular de- 
formation. Restecting themselves to the special case of a two-sublattice structure with 
HS-LS stabiliition between, and HS-LS destabilization within, the sublattices, they suc- 
ceeded with the first simulation of a two-step spin transition6' within the mean field ap- 
proximation. This has also been the starting point of Bousseksou et al.64 in their attempt 
to simulate the two-step transition in [Fe(2-pic)3]C12.EtOH. It must be pointed out, how- 
ever, that the validity of the assumption of a two-sublattice-structure in this case is ques- 
tionable, since there is no evidence for it from X-ray data." A more accurate treatment of 
the interaction leading to steps has been obtained b a roaches beyond the molecular 
field approximation. Takaha~hi,~~ Bolvin and Kahn, and Linares et aL6' have used the 
Monte Carlo method for the study of h steresis assuming destabilizing HS-LS 
,,antiferromagnetic" interactions. Linares et al. have also applied the Monte Carlo tech- 
nique to model the two-step transition in the binuclear complex pe(bt)(NCS)2]2(bpym) 
considering both intra and inter dimer interactions. In contrast to the above discussed 
Monte Carlo treatment of Kohlhaas et al.,M these models5'* all neglect infinite range 
interactions which arise from the change of volume and shape of the complexes upon spin 
state conversion. 
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26 P. GUTLICH 

Changes of Crvstal Structure AccomDanvina a Spin Transition 
Crystal structure determination of spin crossover compounds, both above and below the 
transition temperature Tla, has been a most important part of spin crossover research 
ever since scientists started trying to explore the details of ,,why" and ,,how" spin transi- 
tion in solids take place. The crystal structures of a number of spin crossover compounds 
and their changes as a consequence of spin state transition have been well characterized 
and discussed in many reports.25 One has learned that the spin transition may occur with- 
out a crystallographic phase change (with the same space group above and below Tin). 
The [Fe(2-pic)j]Clz.EtOH complex is a representative of this  lass.^^.^^ It is worth men- 
tioning in this context that the bromide analog, pe(2-pic)3]Brz.EtOH, shows a hysteris in 
the spin transition curve, but no crystallograF' ic phase change.43 In numerous cases, 
however, the spin transition is accompanied by a first order crystallographic phase transi- 
tion indicated by a hysteresis in the y=(T) curve. The [Fe(ptz)6](BF4)2 compound is a 
member of this group. Here the often posed question arises as to whether the crystallo- 
graphic phase transition triggers the spin transition or vice versa. We could answer this 
question in case of the [Fe(pt~)6](BF~)~ complex in a recent experiment.49 We rapidly first 
cooled down a single crystal of [Fe(pt~)~l(BF& such that the high temperature R3i phase 
was preserved (no crystallographic phase transition took place). On raising the tempera- 
ture we observed the spin transition as shown by the filled circles in Figure 8. On cooling 
down and warming up slowly, the spin transition is accompanied by a crystallographic 
phase change and shows hysteresis (see Figure 8). It is clear that in this case the spin 
transition triggers the crystallographic phase transition. 

0.8 

0.6 

0.4 

0.2 

0 

80 100 120 140 160 180 
T [Kl 

FIGURE 8 Thermal spin transition in [Fe(ptz)6](BF& : (0) in the supercooled R3i 
phase, (V,A) accompanied by the strucutral phase transition R3i-Pli on slowly 
cooling and warming (from references 7,49). 

It was also found from powder X-ray measurements on [Fe&'~~.~(ptz)~](BF~)~ 
that the crystallographic phase transition disappears for x < 0.44; below this concentra- 
tion the lattice deformation is found to be directly related to the spin t ran~i t ion .~~ The lat- 
tice deformation tensor (including the changes of volume and shape) derived from these 
 measurement^^^ together with the elasticity constants determined by Brillouin spectros- 
copy in a separate have enabled us to calculate the interaction constant. We found 
the calculated value to be ca. 20 YO lower than the experimental value derived from the 
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SPIN CROSSOVER, LIESST AND NIESST 27 

metal dilution studies (Mcm" = 258 (theory), 318 (exp.); T/cm-' = 135 (theory), 169 
(exp.) at 125 K). This rather good agreement suggests the validity of our model of elas- 
tic interaction, i.e. the cooperativity in crystalline spin crossover compounds appears to 
be of an elastic nature. [Fe@tz)s](BF& is the only spin crossover complex so far, for 
which the complete set of seven elasticity constants was measured directly.69 

LIGHT-INDU CED EXCITED SPIN STATE TRAPPING (LIESST) 

[Fe(ptzhlcSF& 
In 1984 we found, in the course of our studies on iron(I1) compounds exhibiting thermal 
spin crossover, that switching between the HS and LS states can also be achieved by ir- 
radiation with light of different wave  length^.^^*^' The LS('A1) state is converted to the 
HS('T2) state by irradiating with green light (using the 514 nm wavelength of an Ar ion 
laser or a Xe arc lamp with filters) into the 'AI+'TI absorption band. The metastable 

FIGURE 9 Single crystal UV/VIS absorption spectra along the crystallographic c- 
axis of the R3i (high temperature) phase of [Fe(ptz)&3F& showing the d-d tran- 
sitions (a) at 293 K, (b) at 20 K (after rapidly cooling), (c) after irradiation at 514.5 
nm (at 20 K), after subsequent irradiation at 820 nm (at 20 K) (d) or at 980 nm (at 
20 K) (e). The enlarged inset (x20) in (b) shows the weak singlet-triplet transitions. 
AU spectra show the molar absorption coefficient ~[l/(mole'cm)] versus the wave 
number l / A  [l/cm] (from ref. 3 1). 
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28 P. GUTLICH 

HS('T2) state may have practically infinitely long lifetimes at sufficiently low tempera- 
tures. The phenomenon has been termed ,,Light-Induced Excited Spin State Trapping 
(LIESST)". Soon after this discovery on the [Fe(pt~)s](BF.)~ complex, Hauser" demon- 
strated that the reverse process, the conversion of the metastable HS('T2) state can be 
converted by irradiating the crystal with red light (using the 820 nm wavelength of a 
Krypton laser or a Xe lamp with filters) into the 'T2-b5E absorption band (,,Reverse- 
LIESST"). These light-induced conversions are demonstrated by the single crystal ab- 
sorption spectra of Figure 9. 

The originally proposed mechanism29p30 was later hlly el~cidated;~' it is explained 
with the Jablonski diagram of Figure 10. Excitation with green light (514.5 nm) affords 
the 'AI-+'T1 transition followed by two intersystem crossing processes 'Tl+3T~+5T~. 
The metastable state is trapped in the potential well of the HS('T2) state, which is well 
separated by Arm, the difference in the metal-li and bond distances between the HS and 
the LS states, from the potential well of the LS( A') state. Hauser showed3' that the light- 
induced conversion from the LS('AI) to the HS('T2) state can also be achieved by di- 
rectly irradiating into the weak 'A,+3T1 absorption band using light in the near infrared 
(980 nm from a Ti sapphire laser), as proved by the step from (b) to (e) in Figure 9. 

P 

FIGURE 10 Schematic illustration of the mechanism of LIESST and reverse- 
LIESST of a d6 complex in the spin crossover range. The d-d transitions to the 
excited ligand field states are denoted by arrows (with the experimental values of 
[Fe(ptz)s](BF4)2 ) and the radiationless relaxation processes by wavy lines (from 7). 
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SPIN CROSSOVER, LIESST AND NIESST 29 

Radiative back relaxation to the LS state is formally forbidden and can only occur radia- 
tionless by warming the crystal and releasing the trapped energy into the lattice. This was 
nicely demonstrated in a calorimetric measurement on single crystal of [Fe(pt~)6](BF~)~ 
using a custom-built microcalorimeter:' the results are shown in Figure 1 1 .n The crystal 
was rapidly cooled down to ca. 20 K and converted by green light from the LS to the HS 
state. The crystal was then slowly warmed up. The energy P[mW] needed to raise the 
temperature was recorded as a hnction of T[K]. The peak pointing downwards reflects 
the release of energy which is trapped in the metastable LIESST state. As can be seen 
from the figure, this energy release begins at ca. 50 K and is finished near 85 K. The dot- 
ted (triangular) data refer to the experiment without light-induced spin state conversion. 
As the temperature reaches the region near 130 K, a strong upward peak begins to show 
up. This peak reflects the energy needed for the thermal LS+HS conversion together 
with the accompanying crystallographic phase transition. 

- 
t 4.0 E - 3.5 
P, 
3.0 
2.5 
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1.5 

1 .o 
0.5 

0 

0 50 100 150 200 250 300 350 
T [Kl 

FIGURE 11 Calorimetric @SC) measurement of the latent heat trapped in the 
metastable LIESST state (the energy release is indicated by the downward peak 
with a minimum near 70 K) and of the energy needed to induce the thermal spin 
transition together with the accompanying crystallographic phase transition 
(upward peak with a maximum near 135 K) in a single crystal of [Fe(ptz)6](BF&. 

The reverse-LIESST process (see Figure 10) uses red light (ca. 820 nm) to excite 
the metastable 'T2 state to the 'E state, which subsequently decays radiationless, again in- 
volving two intersystem crossing processes, via 'E+'T,+'AI back to the LS('AI) state. 
LIESST and reverse-LIESST are favored by spin-orbit coupling and are therefore fast 
switching processes (nanoseconds or faster). Hau~er'~~* has carehlly studied the dynamics 
of LIESST and reverse-LIESST and described quantitatively the relaxation of the 
LIESST states on the basis of a non-adiabatic multiphonon theory originally proposed by 
Jortner et a1.73 The two most important quantities in this relaxation model, which deter- 
mine the lifetime of the LIESST state, are the energy difference AEm0 between the lowest 
vibronic levels of the HS and the LS states on the one hand and the change of the metal- 
donor atom (ligand) bond length Arm on the other hand, i.e. the relative vertical and 
horizontal displacements of the HS and LS potential wells. The smaller E m o  (reduced 
energy gap law) and the larger Arm, the longer is the lifetime of the LIESST state. The 
relaxation kinetics was also studied by M6ssbauer spectroscopy, either by conveniently 

72 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
1:

49
 2

1 
A

ug
us

t 2
01

2 



30 P. GUTLICH 

recording subsequent spectra of the decaying LIESST state (on a 10 minute time scale) 
or by line-shape analysis of Mbssbauer relaxation spectra (on a 100 ns time scale) in con- 
nection with Blume's relaxation theory."*75 

JFe(mtzlallBF& 
Replacing the propyl substituent by a methyl group in the tetrazole ligand does not alter 
significantly the ligand field strength. Thermal spin crossover still occurs in 
[Fe(rnt~)~](BF,)~, but with a different behaviour, as compared to the ptz analog, as can be 
seen from Figures 12 and 13. Optical single-crystal absorption measurements as a fbnc- 
tion of temperature yielded the HS molar fractions as plotted in Figure 12.76 The spin 
transition curve dops sharply at Tin = 74 K and merges into a plateau at yw = 0.5. The 
explanation for this finding comes from a single-crystal X-ray structure analysis.n At 
room temperature, the HS-iron(I1) ions are accommodated in two inequivalent lattice 
sites A and B, with a ratio of 1: 1, with slightly different lattice parameters and apparently 
with slightly different ligand field potentials such that only the iron ions in A-sites un- 
dergo a thermal spin transition. whereas the B-site ions remain in the HS state over the 
whole temperature range under study. This was nicely confirmed using Mossbauer 
spectroscopy (see Figure 13). 

1 .o 
.d 

0.8 
cd 

0.6 m 
0.4 

x 

t 0.2 I Site B 1 
200 

, , , . . . , , . , . , , . , , I ,  , . , . . I  
0 50 100 150 

T CK] 
FIGURE 12 Temperature dependence of the molar fraction of HS molecules, 
ym(T), in [Fe(mtz)a](BF4)~ determined from the area fractions of the 'Al+'T1 ab- 
sorption band of a single crystal (from ref. 76). 

The Mossbauer spectra recorded between room temperature and ca 160 K show 
practically only one typical HS-iron(I1) quadrupole doublet.- Obviously, the difference 
between the local electric field gradients of the two kinds of lattice sites determining the 
size of the quadrupole splittings is too small to be resolved in the Mossbauer spectra. 
Below ca. 160 K, however, the two doublets HSa and HSB are resolved, and one ob- 
serves that the HSA doublet disappears with decreasing temperature at the favor of a new 
signal typical for the LSA state. 

We have camed out LIESST and reverse-LIESST experiments on 
[Fe(mt~)&I3F~)~.'~*'* Figure 14 shows a selection of representative Mbssbauer spectra 
which demonstrate the various switching processes. It starts with the spectrum obtained 
at 50 K after thermal spin transition. Irradiation with green light (514 nm) at 20 K con- 
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SPIN CROSSOVER, LIESST AND NIESST 31 

FIGURE 13 Mbssbauer spectra of [Fe(mtz)b](BF& recorded at different tempera- 
tures revealing two HS doublets, HSA and HSB (with slightly larger quadrupole 
splitting for HSB than for HSd, due to different lattice. sites A and B of iron(I1) 
below 160 K. Only the iron ions in lattice site A undergo a thermal spin transition 
(from ref. 78). 

verts the A-site ions quantitatively from the LS to the HS state (LIESST: LSA+HSA). 
Warming the crystal up to ca. 50 K induces thermal back relaxation to the LSA state and 
the spectrum of Figure 14 (a) is found to be restored. Bleaching the crystal with red light 
(820 nm from a TVsapphire laser) brings about a significant decrease of the intensity of 
the HSB doublet with a simultaneous corresponding increase of the intensity of the LS 
signals (LIESST: HSB+LSB) as can be seen from Figure 14 (c). This is the first example 
of a light-induced conversion of a stable HS i r o n 0  state to the metastable LS state. This 
was also confirmed by optical spectr~scopy.~'~'~ The Massbauer subspectra arising from 
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32 P. GUTLICH 

LSA and LSB have the same parameters (isomer shift and quadrupole splitting) and cannot 
be resolved. The fraction of HSA to be seen in Figure 14 (c) is due to the fact that the 820 
nrn irradiation hits also part of the 1AI+3TI absorption band thereby causing the normal 
LIESST effect LSA +HSA via 'AI+'TI+'T~. Thermal relaxation experiments following 
the 820 nrn irradiation demonstrate nicely the bistability of the metastable LSe state: 
Warming up first to temperatures below 55 K leads to a complete HS+LS decay in both 
A and B lattice sites; cf. Figure 14 (d). The following thermal relaxation above ca. 5 5  K, 
however, causes LSB-+HSB and simultaneously HSA-+LSA conversion, thus again restor- 
ing the initial spectrum obtained after cooling, as can be seen from Figure 14 (e), which 
shows the Mossbauer spectrum taken after thermal relaxation at 64 K. The same spec- 
trum is obtained on warming up directly to 64 K, ie.  on going 6om spectrum (c) to 
spectrum (e). 
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0.92 

50 K 

1.00 

0.96 

0.96 

0.94 

0.02 

0.90 
I - 2 - 1 0  I 2  3 4 F] 50 K 

- 2 - 1 0  I 2  3 4 

- 2 - 1 0  1 2  J 4 

T>55 K t :: 
0.94 

0.91 

0.80 

- 2 - 1  0 1 2  3 4 

- 2 - 1 0  1 P 3 4 

FIGURE 14 "Fe Mtissbauer spectra of [Fe(mtz)6](BF4)2 showing the thermal 
spin transition at site A after cooling down to 50 K (a) and the possibilities of 
switching the spin state at both sites with light @,c). The metastable state in (c) ex- 
hibits a bistability as can be seen from the different thermal relaxation behaviour 
below and above 55 K (d,e) (adapted from ref 76). 

The relaxation processes after LIESST have, in all cases studied so far, found to be 
strongly influenced by cooperative effects of elastic origin, leading to characteristic de- 
viations from first-order This was attributed to a buildup of an internal pres- 
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SPIN CROSSOVER, LIESST AND NIESST 33 

sure during the relaxation process, giving rise to a shift in both the horizontal (bond 
length difference Arm) and the vertical (energy gap A E H L O )  displacements of the potential 
wells relative to each other. This manifests itself in a self-acceleration causing the devia- 
tion fiom first-order decay curves. The shifts can be estimated from the observed shift of 
the d-d absorption bands (to be on the order of 100 cm") as was first pointed out by 
Hauser.s2 Such shifts were observed on a single-crystal of [Fe(mtz)a](ElF& even for both 
the HSA-+LSa relaxation and the LSB+HSB relaxation by following the intensity of the 
A1+'TI absorption band in time intervals of 240 s and 360 s, respectively, at 64 K (see 

Figure 15). 
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FIGURE 15 Single crystal absorption spectra of [Fe(mtz)c](BF& showing (a) the 
recovery of the 'AI+'T, absorption band at 64 K after irradiation at 5 14.5 nm 
(time interval 240 s) and (b) the decreasing intensity of the 'AI+'TI absorption 
band after irradiation at 830 nm and warming the crystal to 64 K (time interval 360 
s) (adapted from ref. 80). 

FIGURE 16 Shift of the 'AI-~ITI absorption band as a Ibnction of the LS fraction 
y~ during (a) the HSA+LSA relaxation and (b) the LSB+HSB relaxation at 64 K 
(adapted from ref. 80). 

Careful analysis of the position of the band maximum of the 'AI-+'TI transition reveals a 
small but significant shift during the relaxation process. These shifts are displayed as a 
hnction of y~ for both relaxation processes in Figure 16.w It is interesting to note the 
different slopes for the two relaxation processes, the one for the LSB+HSB relaxation 
being steeper than that for the HSA+LSA relaxation. In view of our model of elastic in- 
teractions, this may well point at a softer nearby lattice surroundings with a smaller bulk 
modulus for the B-sites than for the A-sites, in accordance with the HS ground state (B- 
site) possessing lower stretching vibrational frequencies than the LS ground state (A- 
site). 

The analogous etz complex (etz = I-ethyl-tetrazole) behaves in a similar way, ex- 
cept that the A:B ratio determined by X-ray structure analysis is now 2:l.a Iron(I1) on 
site A undergoes a thermal spin transition with Tla = 105 K, whereas that on site B re- 
mains in the HS state down to cryogenic temperatures. Application of external pressure 
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34 P. GUTLICH 

of up to 1200 bar between 200 K and 60 K does not cause any formation of the LS state 
on site B. On site A the HS state can be populated as a metastable state at 20 K by irra- 
diating the sample at 514.5 nm, on site B a light-induced population of the LS state can 
be achieved by irradiation at 820 The relaxation processesE4 subsequent to the 
HS-bLS conversion on site B by LIESST reveal a light-induced bistability for the com- 
plexes on site B at 70 K. The bistability as well as the missing thermal spin transition on 
site B are attributed to a thermal hysteresis for the B-site complexes with a critical tem- 
perature T,’ f: 77 K in the heating direction. This hysteresis can be interpreted in terms of 
strong cooperative effects of elastic origin, which, in addition, cause characteristic devia- 
tions of the relaxation on site B from first-orc-r kinetics (self-acceleration). In contrast, 
the HS+LS relaxation on site A at 60 K after irradiation with h = 514.5 nm shows an 
unusual self-retardation. 

LIESST in Other Iron(II> Spin Crossover Svstems 
The effect of light-induced spin state conversion yielding long-lived metastable states 
(LIESST) was observed in numerous iron(I1) compounds, all of them exhibiting thermal 
spin transition.’ A particularly interesting system is [Fe(bpp)z](BF& (bpp = 2,6- 
bi~(pyrazol-3-yl)pyridine).~”~ This compound shows a thermal spin transition with hys- 
teresis (width ca. 10 K) near 170 K ” and also LIESST and reverse-LIESST.P6 Moss- 
bauer spectroscopy was employed to follow the relaxation, in the temperature range be- 
tween 90 and 100 K, of the LIESST state after bleaching with green light as well as the 
relaxation of the metastable HS state trapped by rapidly cooling the crystals. The relaxa- 
tion curves for both trapping procedures resemble each other very much. They also show 
strong deviations from first-order kinetics (sigmoidal decay curves) due to cooperative 
interactions, i.e. the relaxation processes are self-accelerating with the decay rates being a 
function of the LS fraction. It is worth noting that [Fe(b~pb](BF~)~ is the first spin cross- 
over complex in which long-lived metastable HS states could be generated by LESST at 
temperatures as high as 80 K, i.e. in the liquid nitrogen temperature region. Another in- 
teresting and unusual observation is that the saturation ratio HSLS in the LIESST ex- 
periment at 80 K depends on the intensity of the incident laser light. This can be under- 
stood in view of a structural. phase transformation; as soon as a critical fraction of HS 
complexes is generated by LIESST, a new structural phase will be induced which stabi- 
lizes the HS state. This new structure phase is apparently also metastable and decays 
within days to hours between 90 and 100 K. This secondary structural effect following 
LIESST may eventually lead to information storage at much higher temperatures than in 
case of LIESST alone, which is conhed to molecular dimensions. 

AU the iron@) spin crossover compounds which became known so far to show the 
LIESST effect have nitrogen-donating ligand molecules, with only one exception, viz. the 
complex [Fe(dppen)2C12]‘2CHC13 (dppen = cis-l,2-bis(diphenylphosphino)ethylene). This 
compound contains two bidentate phosphorus-donating ligand molecules in the (x,y)- 
plane and two chlorine atoms in axial positions. It has been structurally characterized and 
also shown to exhibit thermal spin transition.*’”’ Using Mossbauer spectroscopy we car- 
ried out successfidly LIESST and reverse-LIESST experiments on this compound,89 
which represents the first example for the occurrence of a light-induced spin state con- 
version yielding long-lived metastable states in a non-FeNs core complex. 

NUCLEAR DECAY INDUCED EXCITED SPIN STATE TRAPPING (NIESST) 

More than two decades ago we observed for the first time by Mossbauer emission 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
1:

49
 2

1 
A

ug
us

t 2
01

2 



SPIN CROSSOVER, LIESST AND NIESST 35 

spectroscop that the nucleogenic Fe2+ ions generated by the electronic capture (EC) de- 
cay of '7C0 embedded in coordination compounds may be detected as metastable elec- 
tronic statesw We denoted these states ,,anomalous spin states", because they are differ- 
ent from the ground spin states of the corresponding iron(I1) compounds. As an example, 
[Fe(phen)3](ClO4)t is well known to be a typical strong-field coordination compound with 
iron(I1) ions in the 'A, ground state independent of the temperature. The cobalt(I1) ana- 
logue [Co@hen)3](C104)2 is high spin with 'TI ground state (in the approxiamtion of Oh 
symmetry). If this compound is doped with '7C0 and used as the source in a Massbauer 
emission experiment against &[Fe(CN)6] as a single-line absorber, one observes typical 
LS-iron(1I spectra near room temperature. Apparent1 , after the electron capture decay 
57C0(EC)5 Fe the oxidation state of the nucleogenic ' Fe is again +2 (except for a minor 
fraction of Fe3+). But the electronic structure adjusts rapidly (in times shorter than the 
time scale of '7Fe Massbauer spectroscopy, i.e. ca. l o7  s) fiom HS-Co(I1) to LS-Fe(1I). 
At T I 2 0 0  K, however, typical HS-Fe(I1) signals are seen in the Mossbauer emission 
spectra of this compound in addition to the LS-Fe(I1) signals. The intensity of the HS- 
Fe(I1) resonances increase with decreasing temperature at the expense of the LS-Fe(I1) 
intensity. Obviously, the lifetime of the metastable HS-Fe(I1) state is on the order of the 
Mdssbauer time scale and becomes longer at c ogenic temperatures. 

In Mtjssbauer emission experiments I Co doped Co(1I) compounds with weaker 
ligand fields corresponding to Fe(I1) spin crossover compounds one only observed HS- 
Fe(1I) resonance lines at all temperatures, even in those regions where the corresponding 
Fe(I1) spin crossover compounds exhibit the stable 'A, ground state.90 Examples are 
given in references 9 1-97. 

The mechanism of the nuclear decay induced formation of metastable spin states of 
iron(I1) remained largely in the dark until we discovered the LIESST phenomenon, i.e. 
the trapping of metastable states by irradiation with an externaf light source. The nuclear 
decay process "CO(EC)'~F~ may be regarded as an internal molecular light source, 
whereby energy is released due to the creation of a hole in the K-shell and due to the 
coulombic dilatation of the atomic volume of the nucleogenic 'IFe" ion as compared to 
the parent "Co2+ ion. This energy release causes self-excitation which leads to population 
of excited electronic levels. In analogy to LESST we have termed this phenomenon 
,,Nuclear Decay-Induced Excited Spin State Trapping (NIESST)". It turns out that the 
mechanism of NIESST is essentially the same as for LIESST (see Figure lo), except for 
the initial excitation step; cf. Figure 17. 

Y+ 

1 ? 

57 

FIGURE 17 Schematic illustration of the mechanism of the nuclear decay-induced 
excited spin state trapping (NIESST). 
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36 P. GUTLICH 

There are fast (cc 10-7s) spin-allowed transitions to the 'A' ground state as well as fast 
intersystem crossing processes (also <c 1 O-'s), which are favoured by spin-orbit coupling 
as in LIESST, feeding the metastable 'T2 state. The lifetime of the metastable 'T2 state 
falls into the Mossbauer time window and becomes detectable in the Mossbauer emission 
spectrum. The branching ratio for the two decay paths (prompt decay to the 'A1 and 
population of the 'T1 state) depends on the ligand field strength of the compound under 
study. The weaker the ligand field strength, the more pronounced becomes the trapping 
of the 'T2 state. This corresponds to the observed correlation of the lifetime of the meta- 
stable LIESST state and the energy difference E m o ,  which also depends on the ligand 
field strength (reduced energy gap law). 

The proposed mechanism for NIESST and its close resemblance to that of LESST 
received strong support from the similarity of the measured lifetimes of the trapped spin 
states after LIESST and NIESST, respectively. We have constructed a special coinci- 
dence spectrometer for time-differential Mossbauer emission s ectroscopy (TDMES) 
with a resolution of 3.5 ns in the time window of ca. 5 to 500 ns! In case of the strong- 
field complex ["Co/Co(phen)3] we measured the lifetime of one the two metastable HS- 
Fe(II) states to be 390 ns (10 K), 205 ns (47 K), and 100 ns (100 K).99 From optical 
spectrosopcy after laser excitation of [Fe(phen)3](CIO& embedded in a Nafion foil we 
determined the lifetime of the metastable 'TI state to be 188 ns at 50 K,'O0 in very good 
agreement with the lifetime of 205 ns (47 K) after NlESST. Very recently, we studied 
another strong-field system, viz. a single crystal of ["Co/Mn(bipy)3](PF& (bipy = 2,2'- 
bipyridyl) by TDMES and a single crystal of the corresponding 
[Fe(O.OS%)//Mn(bipy)~](PF& by laser excitation and found again very good agreement 
between the liftetime data after NIESST and LIESST, respectively."' 
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