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New magnetic materials and methods for controlling them are needed to improve data storage technologies.
Recent progress has enabled optical detection and manipulation of spins in molecule-based magnets on the
femtosecond timescale, which is promising for both increasing the read/write speed but also the data storage
density. Experimental developments in femtosecond X-ray free-electron lasers (XFELs) and magneto-optics,
in combination with theory advances, have opened up several new avenues to investigate molecule-based
magnets. This review discusses the literature concerning ultrafast photoinduced dynamics in Prussian blue
analogues (PBAs), which are molecule-based magnets. In PBAs spin—flips and lattice distortions can happen
on the 100 fs timescale, which in some analogues lead to photoinduced changes in the long-range magnetic
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order. The literature and themes covered in this review are of relevance for ultrafast optical control of new
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1 Introduction

In data storage devices, information is recorded by manipulating
magnetically ordered materials. Given the growing demand for
faster and more efficient processing of large data sets in modern
society, new materials and methods are being developed to
improve the speed of the write process. In particular, the use
of femtosecond (fs) laser pulses to control spins in magnetically
ordered materials would allow for very fast data processing.
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The problem of how fast light can change the spin state of
molecules has been discussed during the last 25 years,'
enabled by the development of fs lasers. In particular, inorganic
complexes have been extensively studied and it is now well-
known that intersystem crossing (ISC), i.e. a change in electro-
nic state with different spin multiplicity, can happen on the
order of 100 fs in [Ru(bpy)s]** (ref. 1 and 4) and Cr(acac); (ref. 5).
One of the most studied systems are Fe(u) complexes. It has been
shown that it is possible to change the spin quantum number
from S =0to S =2 in ca. 100 fs by absorbing just one photon via
the metal-to-ligand charge-transfer (MLCT) transition.®™*° This
leads to a fast depopulation of the MLCT state into the ligand
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manifold (or metal-centred states) with different spin quantum
numbers. A lot of the recent understanding of the very fast spin
changes in inorganic complexes comes from the development of
new techniques, such as X-ray free-electron lasers (XFELs)®% 171
(see a recent review by Chergui and Collet'”), table-top X-ray

1819 and ultrafast electron diffraction.?**' Furthermore,
1‘22*29

sources,
developments in computational methods have been essentia
These advances have enabled chemical control of the lifetime of
the excited states.""*° Similarly, it was recently shown that
wavepackets can be controlled via synthetic design to both slow
down the ISC rate to stabilise the MLCT state in Fe(n) complexes®"
and to change the anisotropy in Mn-based single-molecule
magnets.*> These advances open up possibilities to control the
spin and structural evolution in the excited state of paramagnetic
metal complexes. Moving towards larger systems, solvated [2x2]
Fe(n) metallogrid complexes were recently studied using optical
and infrared absorption spectroscopy, and X-ray emission
spectroscopy.®® In the condensed phase, sub-ps ISC has also been
demonstrated in molecular ctystals of Fe(m)'>***> and Fe(u)."**®
This work has led to some very exciting results, for example, that
the cooperative effects of spin-crossover (SCO) in crystals and
nanoparticles can lead to the possibility to control and stabilise
ultrafast photoinduced phase transitions.*”°

Spins in semiconductors can be controlled on ultrafast
timescales by exciting spin-polarised carriers using circularly
polarised light and where the sign of the spin polarisation
depends on the helicity of the pump pulse.*® This is detected
using magneto-optical polarisation techniques, such as Faraday
rotation, which are sensitive to the magnetisation of the sample
and provide fs time resolution which is not possible with other
techniques such as electron paramagnetic resonance. There
have been several exciting breakthroughs such as the observation
of coherent transfer of spin polarisation from photocarriers
to localised magnetic moments on Mn”* ions in magnetic
heterostructures®" and even between molecularly bridged quan-
tum dots.*” The field has now moved on to controlling spins of
impurities in, for example diamond and silicon to create new
quantum technologies.*

There has also been an impressive development of ultrafast
control of materials with long-range magnetic order.**™*® This
interest was initiated by the surprising discovery that fs laser
pulses could affect long-range magnetic order on the 100 fs
timescale by Beaurepaire et al.*” Long-range magnetic order is
key for data storage applications, because the non-volatility
means that the information is stored after the laser pulse, in
contrast to the work on semiconductors mentioned above. It is
now possible to completely reverse the magnetisation direction
using a single fs laser pulse in thin films of some metallic,**
and, more recently, dielectric**>° materials. Interestingly, the
magnetisation is observed to be quenched on timescales faster
than the spin-phonon relaxation time, which raised the ques-
tion about the conservation of angular momentum if the
phonons are not engaged in the first 100 fs (spin is, of course,
a form of angular momentum).>'> However, recently it has
been shown that strain waves in magnetic Fe films can be
launched on similarly fast timescales and which accommodate
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the conservation of angular momentum.’® These findings high-
light the complicated interaction between spins, electrons,
nuclear motion, and photons. It is an important problem since
fast switching of the magnetisation is needed for recording
data, and the processes in hard drives are limited to the
nanosecond (ns) timescale. New experimental approaches, with
fs temporal resolution, are also being pursued in this field, such
as XFELs,**™® X-ray magnetic circular dichroism (XMCD),*"%
and spin-resolved photoemission.®***

Somewhere in between the detailed understanding at the
molecular level and the complex multi-dimensional interac-
tions in a magnetic solid, lies molecule-based materials. These
are made from molecular building blocks and, by using the
right linker, it is possible to form long-range magnetic order.*
They open up possibilities to explore how ISC at the local scale
can influence long-range magnetic order, as has been shown
for the cyano-bridged Fe,[Nb(CN);]-(4-pyridinealdoxime)g-2H,0O
(although not on the ultrafast timescale).®® The approach using
molecular building blocks also have the advantage of chemical
flexibility, which could be used to tune and optimise materials
showing, for example, photomagnetic properties.®”” Now is the
time to explore these materials because of the recent develop-
ments in ultrafast experimental and computational methods
mentioned above.

In this review, we discuss ultrafast dynamics taking place in
molecule-based magnets of Prussian blue (PB) and its analo-
gues.®® Prussian blue analogues (PBAs) are cyanometalate coor-
dination polymers and have a face-centred cubic structure with
general formula M,A,[B(CN)],-nH,O where M is an alkali metal
and A and B are transition metal (TM) ions (Fig. 1).°® The
mixed-valence TM ions are bonded via negatively charged
cyanide bridges. The B ion is coordinated to six carbon atoms
and has a low spin configuration because of the large ligand-
field strength in the carbon pocket. The A ion is coordinated to
6 nitrogen atoms and is either high- or low spin due to the
weaker ligand-field strength in the nitrogen pocket. Of course,
depending on the stoichiometry, the TM can have less than 6
neighbours and be coordinated with water. One typically
encounters a 1:1 (x = 1) or 3:2 ratio (x = 0) of A and B. It is
the mixed valency and superexchange interaction through the
cyanide bridge that is the source of magnetic ordering in PBAs.
The advantages of PBAs include room-temperature magnetic
ordering (although limited to the V-Cr PBA),*>’® tuneability of
magnetic””* and optical properties,”>”® as well as multifunctional
properties such as photomagnetism”® " g2-84

and electrochromism.

Fig. 1 The general structure of PBAs with (a) 1: 1 and (b) 3 : 2 stoichiometry
of A and B. M is a cation and A and B are transition metal ions.
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There is an on-going effort into developing the quality of PBAs,
as was recently reviewed.®>®® It is also possible to form thin
films®****%% and even heterostructures of these materials.***°
Magnetic heterostructures are actively explored in the ultrafast
magnetism community to create fs spin-polarised currents.”” There
are already several excellent reviews on PBAs.®””%”7%871% e also
note a wealth of other cyano-bridged materials with very exciting
photomagnetic properties.®”**!

The primary photophysical processes in molecular materials
happen on the fs timescale, and so we have attempted to collate
studies concerning ultrafast dynamics in PBAs (occurring on
the fs/ps timescales). For these timescales, the most used
method is transient absorption (TA). This is a pump-probe
technique whereby a laser pulse excites the sample and a
second, delayed, laser pulse probes the photoexcited sample.
The probe pulse can be quasi-monochromatic or consist of a
broadband continuum spanning typically from 350-700 nm.
IR probes are also possible, as has been explored for some PBAs
taking advantage of the strong asymmetric cyanide stretch.'®*
In the data, one typically plots either the spectra of the excited
species for different time delays or sometimes the decay
kinetics of the signal at a particular wavelength/spectral feature.
In the TA spectra, one typically observes excited-state absorption
(ESA), that is absorption from the excited electronic state, or
ground-state bleach (GSB), which is loss of absorbing chromo-
phores in the ground state and results in more light reaching the
detector. The GSB typically mirrors the static absorption spec-
trum. It is also possible to observe stimulated emission, which
has the same sign as GSB in the TA spectrum because more light
reaches the detector than for an un-pumped sample.

We start by giving a general introduction to the optical
properties of cyano-bridged dimers, which are the building-
blocks of PBAs and briefly mention work that has been done on
ultrafast dynamics in these. We will then build the complexity
and move on to cover the optical properties of PBAs and studies
of ultrafast dynamics. We cover literature concerning the Fe-Fe,
Co-Fe, Mn-Fe, and V-Cr PBAs.

A key picture that emerges is that the dynamics after
photoexcitation often results in either fast back-electron transfer
(BET) or trapped charge-transfer (CT) states after CT excitation.
In either case, fast excitation of the cyanide stretch modes and
other vibrational modes occurs. If the population of metal-centred
antibonding e, orbitals is changed, typically long-range structural
distortions take place. This is to some extent determined by the
ability of the solid to accommodate the changes to bond lengths
after e, population dynamics, highlighting the importance of
electron-phonon coupling.

2 Cyano-bridged dimers

Cyano-bridged dimers of the type A-NC-B, where A and B are
TM ions, are the building blocks of PBAs. It is therefore
interesting to first survey work that has been done of these
model systems. The electronic structure of mixed-valence
cyanide-bridged dimers is typically classified as Class II (Robin
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and Day), just like PBAs.'® In the molecules of interest, the
sites are chemically different - either they are in different
oxidation states or they comprise different elements. Class II
implies that the 3d-electrons are not fully localised on one
metal ion but some degree of delocalisation via the cyanide
bridge between the two metal ions occurs. For Prussian blue,
the ground state wavefunction (fully localised on one metal ion)
has a ca. 1% contribution from the wavefunction corresponding
to the electron localised on the other metal ion.'® In dimers, the
strongest optical transition in the visible is typically the metal-to-
metal charge-transfer (MMCT) transition, which corresponds to
transferring an electron from one site to another. The oscillator
strength of the transition is proportional to the delocalisa-
tion between the two ions, which in turn depends on the bond
length, and mixing and energy difference between the fully
localised state and the transferred-electron-state.'®**%*

One early study was on [(NH;);Ru"-NC-Ru"(CN);5]” (RuRu)
and [(NH;)sRu™-NC-Fe"(CN);]~ (RuFe), where the MMCT was
excited at 795 nm."” The MMCT leads to an intramolecular
electron transfer, producing Ru" in the ammonia pocket and
Ru™ in the cyanide pocket (and similarly for RuFe). It was
observed that back-electron-transfer (BET) occurred on 85 + 10 fs
in H,O and 122 =+ 20 fs in D,0 for both complexes. The electronic
dephasing time was shorter than the instrumental temporal
resolution of 20 fs. The authors observed oscillations superim-
posed on the decay kinetics, with frequencies corresponding to
170, 270, and 488 cm™'. These modes were assigned as solvent
librational degrees of freedom that are coupled to the CT process.
They also observed that some degree of vibrational coherence is
maintained even during the BET, with a dephasing time on the
order of 300 fs (i.e. longer than the 100 fs BET). This is indicative
that energy is deposited into the CN™ stretch modes. The energy
was found to be dissipated to the solvent with a time constant of
880 + 160 fs for RuRu in H,O, although this time constant
depends on the excitation energy since excess energy led to longer
decay times (pumping at the red or blue edge of the MMCT).
Several other studies have now established that the electron
transfer associated with the MMCT transition in dimers is
strongly coupled to the solvent and the nuclear degrees of free-
dom of the molecule,'** % which has also been confirmed by
time-resolved IR studies.'®"'® Moving to extended chains, Su
et al. have studied Ru™-CN-Ruy"™-CN-Ru",'** who found that
the lifetime of the CT state could be controlled by chemical tuning
of substituent group of the metal ions. Khalil’s group have studied
(NC);Fe"-CN-Pt"(NH;),~NC-Fe"(CN); complexes using advanced
time-resolved spectroscopies.'>**!3 They found that intra-
molecular vibrational relaxation dynamics happens on the ps
timescale and that the dynamics of the vibrational relaxation
depends on the spatial localisation of the vibrational mode and
how it couples to the solvent."*°

Macpherson et al. have studied dimers of cyano-bridged
[LCo™-NC-Fe™(CN);]~, where L is a pentadentate macrocyclic
pentaamine or triamine-dithiaether.'** This dimer is an important
model system for photomagnetic PBAs, since the Co-Fe PBA can
be optically excited from a paramagnet to ferrimagnet,””'"> as
will be discussed below. In this process, MMCT from Fe™ to Co™

This journal is © the Owner Societies 2021
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Fig. 2 Structure of [(ColY)o(Fels)] together with transient absorption data in acetonitrile at —30 °C with (a) UV-visible probe and 775 nm pump

wavelength and (b) IR probe and 800 nm pump. The top panels show the static absorption spectra in the LT (—=30 °C) and HT (30 °C) phases. The green
line (ET1) corresponds to the calculated spectrum of the one-electron transfer product [Coﬂ‘sFeESColLSFeE‘S]A The bottom panels show the time-resolved
spectra at selected time delays. The grey line shows the difference between the HT and LT static spectra. Reprinted with permission from Zimara et al.

Inorganic Chemistry, 2021, 60, 449-4591'¢ Copyright 2021 American Chemical Society.

(low-spin, LS) leads to a fast reorganisation of the spin state on
the Co" site via ISC and forms Co"Fe' in the high-spin (HS)
state. After exciting the MMCT, Macpherson et al. observed ESA
below 400 nm in the dimers assigned to metal-centred transi-
tions from Fe™, which gives a spectral signature of the CT state.
Using a combination of ns and fs TA, and at 11 and 293 K, they
concluded that the LS Co" CT state undergoes fast BET on a ps
timescale, whereas the HS Co" state lived for a longer time at low
temperatures (ca. 10 ns). Recently Zimara et al. showed using
both TA and time-resolved IR that in a Co"Fe™ dimer, where Co™
is HS and Fe™ LS, photoexcitation of the MMCT band leads to a
short-lived CT state (3.8 ps), followed by vibrational cooling in
the hot electronic ground state.'*® Interestingly, they also
studied the square-type complex Fe,Co, in both [(Col%)(Fel's)s]
and [(Colis)y(Fel's),] states (Fig. 2). After excitation at around
800 nm, they observed a TA spectrum that did not match
perfectly with the difference between the steady-state spectra of
the two phases, which would have indicated a complete conver-
sion to the HT phase. Instead, they could conclude that a one-
electron transfer takes place on one of the Co-Fe pairs by
comparing to calculations. They conclude that a spin-crossover
to a metastable tetranuclear [CorsFelsColisFels] product takes
place in 400 fs, which has a lifetime of over 1 ns at —30 °C. The
time-resolved IR spectra in Fig. 2(b) also confirm this assign-
ment as the intermediate peaks do not correspond to the HT
phase static spectrum. We will return to the Co-Fe PBA later on
in the review.

3 Prussian blue and its analogues

PBAs are also Class II delocalised mixed-valence compounds.
The delocalisation leads to magnetic ordering via the super-
exchange interaction but also intense colours via MMCT transi-
tions (which also depend on the delocalisation). Examples of
colourful PBAs are Fe-Fe PB (which of course has been used
as a pigment for centuries),""” V-Cr,*>”® and Fe-Cr.”> However,

This journal is © the Owner Societies 2021

because of lower symmetry in the solid (vacancy sites), or
simply a larger number of chromophores, other transitions
compete, and it is possible to also observe d-d transitions. This
makes the assignment of the optical transitions more compli-
cated, as in the case of Cr-Cr’>°%°*'18 and Co-Fe''*"*?*! PBAs.

3.1 Fe-Fe PB

The ultrafast dynamics of the Prussian blue Fe,""[Fe"(CN)g];
(PB) was first investigated in 1995 by Arnett et al.'>* Although
the “original” PB discussed in this section is only ferro-
magnetic below 5 K due to the diamagnetic Fe ion, the early
charge dynamics still lend important insight to other PBAs.
Using polarisation dependent pump-probe studies, Arnett et al.
investigated the optical excitation, electronic dephasing and
vibrational coherences within colloidal Prussian blue particles
suspended in water. The 800 nm pump excited the MMCT
(Fe" to Fe'™) band and the probe beam, of same wavelength,
measured the change of transmittance through the particles at
different time delays using light with parallel or perpendicular
polarisation directions with respect to the pump beam polari-
sation direction. This type of anisotropy measurement can give
information if the excited state is localised or delocalised."**™*®
The faith of the excited state within the first 50 fs can be seen
from a fast decay in transmittance in the parallel probe and an
increase in the transmittance of the perpendicular probe
(Fig. 3). Both these signals were attributed to ground state
bleach (GSB) of the MMCT band. Calculating the polarisation
anisotropy of the time-resolved absorption gave a decay con-
stant of 15 fs of the anisotropy. During optical excitation, the
electron density is transferred from the Fe" ion, with electron
configuration t,,°e,’, to only one of the six surrounding Fe"
(t:g°e,’) ions in which the transition dipole moment of the
MMCT is aligned with the polarisation of the pump laser.
Therefore, the immediate peak in the parallel probe transmittance
is due to GSB of the MMCT. No change in signal was recorded in
the perpendicular probe in the very early time delays (Fig. 3a), as

Phys. Chem. Chem. Phys., 2021, 23, 8118-8131 | 8121
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Fig. 3 Ultrafast dynamics in Fe—Fe PB. (a) The early 50 fs dynamics in the
polarisation dependent transient transmission of FeFe PB shows a difference
between the parallel (S)) and perpendicular (S ) signals. (b) Model developed
by Arnett et al. showing how either the excited CT state (2) can decay back to
the groundstate (4 — 1) or how a long-lived CT state (3) could be formed.
(a) and (b) are reprinted with permission from Arnett et al. J. Am. Chem. Soc.,
1995, 117, 12262-12272.22 Copyright 1995 American Chemical Society.
() In an experiment by Weidiner et al., ESA probed at 800 nm was identified
after pumping at both 800 nm (open circles) and IR pulses resonant with the
CN stretch mode (solid circles). After an initial bleach signal, the IR-pumped
signal shows an ESA (positive signal). Figure reprinted from Weidiner et al.
J. Chem. Phys., 2011, 134, 124510,*’ with the permission of AIP Publishing.

there is no change in the number of dipole-allowed transitions in
this direction. Wavelength dependent studies were also carried
out and showed a red-shift in the stimulated emission peak
supporting that the 15 fs time constant is due to the rapid decay
of the excited state.

In the following 50 fs, the electron density spreads out
between the remaining five Fe'" (t,,°e,”) ions, which now have
a slight t,,'e,*-character. This delocalisation leads to a more
isotropic charge distribution. There is a pronounced decrease
in the transmittance in the parallel probe beam due to further
absorption at the MMCT band (less GSB) that has a transition
dipole moment aligned with the beam and an increase in
transmission in the perpendicular probe beam (more GSB).
This indicates that in the 50 fs timeframe after photoexcitation,
the electron is no longer localised on a single ion and is deloca-
lised amongst six Fe ions surrounding the Fe™ jon with elec-
tron configuration ty,’e,’. After around 50 fs, the parallel and
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perpendicular decays are identical, which the authors attribute
to the localisation on the photoexcited electron to a single
metal ion but with the transition dipole moment of these CT
pairs randomly aligned. Fitting the deconvolved data yields a
biexponential fit with time constants around 250 and 900 fs.

Recovery of the ground state can be monitored by a decrease in
GSB. The authors observed ESA in the wavelength-resolved studies.
This was attributed to the formation of a relaxed self-trapped CT
state (Fig. 3b). The authors developed a kinetic model, which gave
rate constants for the BET four times (kggr = 3.5 £ 0.8 ps_l) that of
the relaxed CT state kcr = 0.9 + 0.2 ps~". Assuming these are the
only decay mechanisms available to PB, this suggests a quantum
yield of the CT state of around 20%. The residuals of the fits
exhibit a damped oscillatory feature suggesting a vibrational
component to the decay. A Fourier analysis of the data showed
strong oscillatory components at 75 cm™ ' (not assigned) and
270 cm™ " (heavy-light-heavy motion of Fe~CN-Fe)."*® These are
on the same order of magnitude as what is found for the solvated
RuRu and RuFe dimers discussed in Section 2 (170, 270, and
488 cm™'). As expected, excitation of the MMCT results in
excitation of vibrational modes, here manifested as a nuclear
wavepacket.

The interpretation of a self-trapped state has been ques-
tioned by a more recent study by Weidinger et al., making use
of time-resolved vibrational and electronic spectroscopies on
colloidal PB nanoparticles."”” Weidinger et al. performed time-
resolved measurements using 800 nm both as pump and probe,
and could reproduce Arnett’s work. By exciting with 800 nm
(electronic excitation of the MMCT) and IR probing, they found
very fast BET and vibrationally excited PB nanoparticles. From
probing with IR, they could conclude that other modes than the
CN stretch were populated, and these were assigned to low-
frequency lattice phonons. Excitation of the low-frequency
modes was of course also observed by Arnett as vibrational
coherences made possible with their short 20 fs temporal
resolution (which Weidinger did not have access to). Interestingly,
Weidinger et al. found very similar results in the 800 nm probe,
when exciting the CN stretch mode directly. They observed that
when probing with 800 nm after the direct IR pumping, there is
an increase in the absorption at 800 nm (Fig. 3c). Arnett et al.
previously assigned this increase in absorption (ESA) to an excited
self-trapped CT state. However, because Weidinger had directly
excited the CN stretch instead of an electronic excitation at the
MMCT (800 nm), they could conclude that the ESA is a result of
vibrational excitation, changing the MMCT transition oscillator
strength and that there is no long-lived CT state in the FeFe PB.
The anisotropy measurements by Arnett et al. do indicate that
within the first 50 fs there is a delocalisation of the MMCT state
but Weidingers measurements, albeit with a poorer temporal
resolution, indicate that instead of a trapped CT state, a vibra-
tionally hot ground state is formed. However, the timescales are
rather different, and a broadband TA measurement might shed
more light on the problem. Nevertheless, it is clear that heating of
the lattice is important and similar signature of ESA due to
vibrational heating has been observed in thin films of hematite
(a-Fe,03)."*® Clearly it is advantageous to probe the dynamics
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using a range of different techniques that are sensitive to different
aspects of the complex photoinduced processes in PBAs.

3.2 Co-Fe PBA

One of the most fascinating PBAs is the Co-Fe PBA because it is
photomagnetic. The first observation was made by Sato et al.,
who found that shining light on K,,Co, 4[Fe(CN)c]-6.9H,0
results in an increase in the sample magnetisation.""> Key
material parameters were quickly identified after the initial
discovery and it was shown that by inserting positive counter
ions into the lattice, such as Rb* and Na*, the Co-Fe PBA could
be switched from a diamagnet to ferrimagnet using light
(Fig. 4).7%8%129 There are two phases in this PBA. In the low-
temperature (LT) phase, the oxidation states are Co™ and Fe",
both with S = 0 (Fig. 4a). The high-temperature (HT) phase
comprises Co™ (S = 3/2) and Fe™ (S = 1/2) (Fig. 4b). Upon
photoexcitation of the LT phase at ca. 540 nm, a CT state is
formed, together with a spin-rearrangement on the Co" site,
resulting in the HT phase. The possibility to switch a diamagnet
to a ferrimagnet is a very exciting prospect and is not observed
in more conventional magnetic materials. The magnetic order
in the photoexcited state arises because of the superexchange
interaction between the spin centres, mediated via the charged
bridging cyanide ligand. There is therefore a large on-going
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e
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4 A Wt

(b)
Co(ll) (S =3/2) Fe(lll) (S = 1/2)

M (cm’mol'G)

0 # * »
5 10 15 20 25 30
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Fig. 4 Electronic structure of the Co—Fe PBA in (a) the low-temperature
(LT) and (b) high-temperature (HT) phases. (c) Magnetisation curves before
(open circles) and after (solid circles) illumination from a Hg—Xe lamp of
Rbo66C01 25[Fe(CN)gl-4-3H,0. Data points marked with crosses were
recorded after thermal treatment at 150 K, overlapping with the magne-
tisation before illumination. Figure (c) reprinted with permission from Sato
et al. Inorg. Chem., 1999, 38, 4405.”° Copyright 2021 American Chemical
Society.
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effort to understand the underlying processes and one important
question that remains unsolved is how fast the magnetic long-
range order arises.

One of the first ultrafast studies was carried out by Kamioka
et al. on Co"[Fe™(CN)glp/5-5H,0, which is found in the HT
phase down to very low temperatures and is ferrimagnetic
below 14 K."*° The team employed transient absorption
spectroscopy to observe the formation and lifetime of a CT
state after excitation at the red-edge of the MMCT (800 nm) and
LMCT (400 nm) bands in 10 nm diameter particles in Nafion
117 cavities. In both excitation cases, GSB and ESA were
observed at wavelengths below 550 nm and above 700 nm,
respectively. The results were interpreted as the formation of a
CT state and they could describe the subsequent decay using a
biexponential model consisting of a fast (tg.g) and slow (Tgow)
component in each excitation condition with prefactors Ag,
and Agjow (Fig. 5). The time constants for the biexponential fits
WeTe Teage = 20-30 ps and Tgjow = 100-300 ps. Te,se Was ascribed to
the decay of the Franck-Condon CT state i.e. without local
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Fig. 5 Ultrafast dynamics in Co'"[Fe"(CN)gl,,3-5H,O probed by TA spectro-
scopy. The static absorption spectrum is shown in (a) and the arrows
indicate the two excitation wavelengths. The amplitudes A from biexpo-
nential fits are shown in (b) and (c), where filled symbols correspond to the
fast time constant and open symbols to the slow constant. The actual time
constants (fast and slow) are shown in (d). The thin lines in (b) and (c) are
differential (static) absorption spectra at different temperatures. Reprinted
figure with permission from Kamioka et al Phys. Rev. B, 2008, 77,
180301(R).1*° Copyright 2021 by the American Physical Society.
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lattice relaxation. Although Ay, is roughly constant between
the two excitation conditions, Agew is enhanced dramatically by
the MMCT over the LMCT and it was suggested that the slow
component is due to self-trapped CT states with lattice distor-
tion. The authors argue that LMCT is less likely to create a self-
trapped CT state as two charge transfers must occur: the
photoinduced LMCT then a MLCT from the Co" to the CN™.
The GSB is due to the decline in the number of Co™-Fe™ pairs
and the ESA is likely from excited spin states in Co™ with high
spin (trg'e,”) and intermediate (t,4’e,') configurations. The
lifetime of the CT states increases with increasing pump
fluence and they observed lifetimes from 2 ns at low fluence
to 6 ns at high fluence. At low fluence, a lower density of CT
pairs will be created and, therefore, the 2 ns lifetime is
associated with isolated CT pairs. At high fluence, a higher
density of CT pairs will be formed that manifest into a charge-
ordered cluster stabilising the photoexcited state.

Moritomo et al. used time-resolved X-ray absorption fine-
structure (XAFS) spectroscopy and optical transmittance to
study Na, sCo™[Fe™(CN)go.00-2.9H,0 at 300 K."*"'3> This PBA
is in the LT phase up to 500 K unlike the Co"™Fe™ PBA previously
discussed. The sample was excited with 130 fs 800 nm laser
pulses. The XAFS measurements showed that a CT state with
high-spin Co" is formed within the time-resolution of the
measurement (100 ps). The CT state decayed with a lifetime of
32 ns at room temperature. The photoexcitation causes an
expansion of the lattice parameters by 0.1% because of population
of anti-bonding e, orbitals in the high-spin Co" state. This
expansion decays on a time frame of about 40 ns correlating with
the lifetime of the CT state measured by optical pump-probe
measurements carried out simultaneously with the X-ray measure-
ments. The lattice then begins to expand again after 100 ns due to
heating effects.

In a different study, Zerdane et al. used X-ray absorption
near edge structure (XANES) to study CsCoFe PBA (Co™ (S = 0)-
Fe" (S = 0))."** They found that starting in the low-spin con-
figuration at room temperature and exciting with 650 nm light,
the XANES data clearly showed the transfer of an electron from
Fe" to Co™ and that Co™ was formed in the high-spin state. The
XANES data also indicated that the geometry around the Co site
is changed as a result of the spin crossover. The dynamics was
limited to the 100 ps time resolution in the experiment.
Complementary optical pump-probe measurements showed
that the CT state has a lifetime on the order of a few micro-
seconds at room-temperature.

These first time-resolved measurements at synchrotrons
enables studies with higher temporal resolution at XFEL facilities.
This was recently done by Cammarata et al. who used both XANES
and extended XAFS (EXAFS) at the LCLS XFEL with a 25 fs temporal
resolution.”™ The sample studied was a colloidal solution of
Csy.7Co[Fe(CN)g]o.o nanoparticles with 11 nm diameter in the LT
phase at room temperature.'** This was a ground-breaking study in
many ways because it determined the nature of the transition at
540 nm, for which there was previously some debate,"'*'** and
could even show the sequence of the initial states involved in the
CT and spin transitions. The time-resolved data at the Co K-edge
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Fig. 6 Time-resolved X-ray absorption data of a colloidal solution of
Csp7ColFe(CN)glo.o nanoparticles obtained using the LCLS X-ray free-
electron laser (XFEL) at the (a) Co and (b) Fe K-edges.*?* The data show
that the initial dynamics takes place on the Co site after photoexcitation,
which followed by a charge-transfer from Co to Fe. The change in eg4
population leads to rapid expansion of the Co—N bonds and the launch of
lattice torsional modes. This is more clearly seen as oscillations in the
optical TA measurements shown in (c). Reprinted by permission from
Springer Nature: Nature Chemistry Charge transfer driven by ultrafast spin
transition in a CoFe Prussian blue analogue, Marco Cammarata et al.
Copyright 2021.

had to be fitted with three decay constants of 50, 200 and 450 fs
(Fig. 6). Interestingly, the Fe edge only showed the 200 and 450 fs
components, suggesting that the initial dynamics takes place on
the Co site. This observation therefore determined that the 540 nm
transition corresponds to a d-d transition on the Co™ site, which
was also confirmed by time-dependent density functional theory
(TD-DFT) calculations. The transition involves populating anti-
bonding e, orbitals and there is therefore a rapid expansion of
the Co-N bonds. This in turn reduces the energy difference
between the t,, and e, orbitals and the high-spin state is formed,
which could be seen in the EXAFS signal. The XANES signal on the
other hand, shows that the CT takes place within 200 fs, as large
shifts in both the Co and Fe K-edges are observed corresponding to
a change in oxidation state. The authors therefore concluded that it
was the spin transition that drives the CT. Temporal oscillations are
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also observed in the data corresponding to a lattice torsional mode
at 1.65 THz (55 cm ™ '). The authors suggest that the breathing
mode of the Co expansion, predicted to occur at 11.2 THz
(374 em™1), is not observed because the lattice has no time to
expand on this short timescale for which the initial expansion
takes place (half the period of the breathing mode). We note
that the FeFe study by Arnett mentioned above,"”* identified
oscillations in their data corresponding to 75 and 270 cm ™.
Presumably these are similar modes to what was observed in
the CoFe PBA. Arnett did not mention any counterions and it is
therefore possible that the mode at 270 cm™ ' was observed
because of vacancies in the lattice, in contrast to the CoFe
studied by Cammarata, which have fewer vacancies. Further-
more, there is no change in spin in the FeFe PB, whereas the
torsional modes might be critical for the ultrafast ISC in CoFe
to take place, similarly to the strain waves launched during
ultrafast demagnetisation of Fe films.’® Recent X-ray diffuse
scattering studies of single-crystal of various PBAs revealed a
range of different types of vacancies,'*> which could be a
promising route to steer the dynamics in the excited state.

There have also been several computational studies to
understand the dynamics of the CoFe PBA. Recently, van
Veenendaal employed a dissipative quantum mechanical
model where the cobalt ion is coupled to the damped breathing
mode of the Co"-CN bonds.""® The simulation begins after
photoexcitation with a Franck-Condon ’E state, centred on the
Co" with electron configuration t,,°e,'. This assumes that a CT
from Fe to Co takes place first. However, the recent XFEL
measurement by Cammarata et al. show that the spin transition
occurs first as discussed above. However, the work by van
Veenendaal is very important and gives many insights into
the interplay between electronic and nuclear degrees of freedom,
as well as highlights the complex multi-electron correlation
effects taking place. Within 20 fs the wavepacket undergoes
ISC to the *Ty state (t,4’e,’), corresponding to a change in spin
state from S = 1/2 to 90% of the expected value S = 3/2. The
dynamics of the doublet to quartet transition are only weakly
dependent on damping to vibrational modes. After the initial
20 fs, the conversion to the S = 3/2 state is heavily dependent on
the damping due to the involvement of other quartet states,
highlighting that multi-electron correlation effects and their
coupling to nuclear degrees of freedom are important. It was
observed that the value of the spin-orbit interaction oscillates
during the first 300 fs and played a role in the ISC process. van
Veenendaal predicts that time-resolved X-ray absorption measure-
ments at XFELs should enable the direct observation of the change
in spin-orbit interaction during the early dynamics,"**'*® which is
a very exciting possibility.

3.3 Mn-Fe PBA

Another interesting photomagnetic system is the Rb,Mn-
[Fe(CN)g](x+2)3-2H,0 PBA. It has been shown that this PBA can
be controlled by external stimuli and a single laser shot can
cause demagnetisation."*”**° This compound is characterised
by a LT phase Fe" (S = 0)-CN-Mn™ (S = 2) and a HT phase,
where an electron has been transferred from Fe to Mn, yielding
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Fig. 7 Magnetic ordering of the MnFe PBA in the low-temperature (left)
and photoinduced high-temperature phases (right). Reprinted with permission
from Tokoro et al. Chem. Mater., 2008, 20, 423-428.*2 Copyright 2021
American Chemical Society.

Fe'™ (S = 1/2)-CN-Mn" (S = 5/2)."*® This bistability is seen as a
thermal phase transition with a wide loop (bistability charac-
terised by thermal hysteresis in the magnetic susceptibility)
and attributed to the flexibility afforded by the cyano-bridges,
allowing for a Jahn-Teller distortion to take place at low
temperatures (Mn™ is Jahn-Teller distorted). The RbMnFe
PBA has a broad absorption around 400-600 nm, consisting
of both Mn™ d-d transitions and an intervalence transition
from Fe" to Mn"."*>"*! The photoinduced HT phase (PIHT)
can be reached by optical excitation of the magnetically ordered
LT phase at 3 K (ferromagnetic ordering of the Mn'" spins),
which causes a demagnetisation of the sample."*” This is
because the conversion from S = 0 to S = 1/2 on the Fe ions,
which leads to an overall antiferromagnetic long-range magnetic
order in the PIHT phase (Fig. 7). Vibrational spectroscopy'****
and X-ray diffraction’*® demonstrate that the HT phase has
formed in the photoexcited state. Tokoro et al. found that laser
fluences higher than 9 mJ cm™> are needed to observe the
photoinduced demagnetisation.”®” Just as in the case for Co-
Fe, this indicates that there is a need to form the necessary
number of switched sites in the crystal for a phase-transition to
occur. Despite the large laser fluence, the LT is recovered after
annealing at 150 K. Interestingly, the LT phase can also be
recovered by further optical excitation and the magnetisation
grows correspondingly. This presents an interesting way to
optically switch the magnetisation in this PBA using a reversible
process. Asahara et al. have studied time-resolved IR measure-
ments and found that the charge-transfer occurs within their
temporal resolution (decrease of the LT phase within < 1 ps),
but that the signal is dominated by the boundaries between the
LT and PIHT phases (Fig. 8).'> The authors concluded that
relatively small domains and/or fjord-like domains are formed
shortly after the excitation pulse. Zerdane et al. performed time-
resolved XANES on the RbMnFe PBA with a 100 ps time
resolution.”* They found evidence that the MMCT excitation
produces a change in oxidation states and complementary
optical pump-probe measurements showed that this state has
a lifetime on the order of 10 ms at 140 K.

A computational investigation on how the delocalised molecular
orbitals across the Fe-CN-Mn bond depends on the low-frequency
transverse modes (around 300-500 cm ') have been carried out by
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Fig. 8 Vibrational spectroscopy of the Mn-Fe PBA at 4 K. The static
absorption spectrum is shown in (a) where the low-temperature (LT) and
photoinduced high-temperature (PIHT) phases can be seen. The sites
between the two phases at the boundaries give rise to additional peaks.
(b) Time-resolved IR spectra at the cyanide stretch region at selected time
delays, showing the transition from the LT phase to the PIHT phase. The
signal is dominated by the boundary sites at lower wavenumbers below
the bleach of the LT phase (2110 cm™3). Reprinted figure with permission
from Asahara et al. Phys. Rev. B, 2012, 86, 195138.19% Copyright 2021 by the
American Physical Society.

Tokoro et al.**'*> As the bond angle changes, the calculations

indicate a CT from Fe"-CN-Mn™ to Fe"™-CN-Mn". Clearly the
coupling to vibrational modes/phonons is important for mediating
the CT-induced phase-transition, as has been seen in other PBAs
discussed above.

3.4 V-Cr PBA

The V"™-cr™ PBA is one of the very few room-temperature
molecule-based magnets.® It is brightly blue-coloured due to
intense MMCT at 540 and 660 nm (wavelength depends on the
vanadium oxidation state).’%'%14%1%7 Bozdag et al. found
reversible photo-induced changes to the magnetisation of a
sample of Ky 5,V 77V™0.05[Cr™(CN)6](SO4)o.16.*® The sample
was placed in a magnetic field of 10 Oe and when irradiation
with 350 nm CW laser light at the LMCT band, a decrease in the
magnetisation of around 0.5% was observed. At a temperature
of 10 K, this change in magnetisation stayed constant until
irradiated with 514 nm light, when the magnetisation partially
recovered. The authors also found that the magnetisation fully
recovers when heating the sample above 250 K. Bozdag et al.
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attributed the decreasing magnetisation to the LMCT inducing
structural distortions in the metal-ligand bond and/or changes
in magnetic anisotropy.

The MMCT transitions in the visible spectrum give rise to a
relatively large magneto-optical (MO) signal in thin films fabri-
cated using electrodeposition on transparent substrates.?*®®
Ohkoshi et al. showed that the MO signal from the MMCT is
proportional to the sample magnetisation.*® This opens possi-
bilities to do time-resolved Faraday rotation measurements. The
first fs spin-state sensitive investigation of a PBA was carried out
by Johansson et al. using ultrafast time-resolved Faraday rotation
and TA on the V-Cr PBA."*” The authors found a large GSB of the
MMCT transitions after exciting the red edge of the LMCT band
at 400 nm. The optical assignments were supported by TD-DFT
calculations on the V-Cr molecular unit. The signal decayed and
reached a plateau within a few ps. In a later TA study with
improved time-resolution,"* it was shown that the GSB decayed
with ca. 200 fs and 1 ps time constants to the plateau, which
stayed constant for over 2 ns.

In the femtosecond magneto-optical (fs-MO) measurements,
a white-light continuum spanning 480-690 nm was used to
monitor the changes in transmission and the MO signal (Faraday
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Fig. 9 Ultrafast spin dynamics in the V-Cr PBA.X* (a) Experimental setup
used to measure the fs magneto-optical (fs-MO) signal. A small wave-
length range of the white-light continuum is selected as a probe and
transmitted through the sample. The change in polarisation direction
(Faraday rotation, Afg) is measured using a Wollaston prism and a bridged
photodiode pair. (b) The signal at a probe wavelength of 660 nm measured
as a function of time delay between the probe and 400 nm pump. The
external magnetic field is either aligned parallel or antiparallel with the laser
propagation direction. (c) The photoinduced spin—flip on the Cr sites
results in a rapid change in the superexchange interaction and the fs-
MO signal.
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rotation and ellipticity) was measured as a function of time delay
between the pump and probe pulses. Measurements were carried
out at 50 and 300 K and in 0.5 T external magnetic fields in
order to separate the optical and magnetic dynamical response.
The fs-MO signal showed a very fast, sub-ps, response following
the TA timescales, as seen in Fig. 9. This fast response is different
to what is typically observed in magnetic dielectrics, where the
spin-phonon interaction take place on a much longer timescale
(100s of ps).">**>* For this fast fs-MO signal, the local change in
spin populations shows up at short times in the signal.

It is known that the local spin-configuration on Cr'" sites in
the ground state gives S = 3/2 and that the first excited state
corresponds to one of the electrons flipped, which in a local
picture corresponds to S = 1/2. In molecules®*** and solids****>”
this state can be populated within a few 100 fs. Johansson et al.
interpreted the fast change in fs-MO signal as due to local spin-
flips on the Cr sites after photoexcitation, which in turn will
affect the superexchange interaction. The ps decay is due to
heating of the lattice, similarly to other PBAs. The dynamics of
the reaction are summarised in Fig. 9 along with the time-
resolved MO signal. This work has shown the possibility of
using ultrafast MO to directly measure spin dynamics and
changes in the superexchange interaction. However, long-lived
CT states could also play a role and future element-specific
measurements, using for example XFELSs, could shed more light
on the problem.

4 Summary and outlook

Light-induced spin flips can happen on sub-100 fs timescales in
systems ranging in size from molecules to magnetically ordered
metals and dielectrics. Connecting them is that there is strong
coupling between electronic, nuclear and spin degrees of free-
dom. We argue that molecule-based magnets, such as PBAs,
bridge the limits between individual molecules and long-range
ordered materials, and provide the best of both worlds with the
advantage of possibilities for high-level calculations based on
the dimers of the molecular building blocks.

Much can be learned from studying cyano-bridged dimers
and comparing these results to PBAs. It is clear that excitation
of vibrational/phonon modes take place on the sub-ps time-
scale in both the dimers and most of the PBAs. TA and XFEL
measurements show that in some PBAs long-lived CT states are
formed, which eventually can lead to a change in the long-range
magnetic order, as in the Co-Fe PBA. In these measurements,
one also observes a launch of coherent phonons, such as lattice
bending modes, which is particularly important when the
population of antibonding e, orbitals are changed. It will be
interesting to conduct experiments using a THz pump to
directly excite these phonon modes. The pioneering work by
Cammarata et al. highlighted the power of XFEL measurements
with element-specificity, which enabled the team to demon-
strate that a spin-flip occurs before the charge-transfer in the
Co-Fe PBA."*' It is known that vacancies and the exact stoi-
chiometry can have a large effect on the final photomagnetic
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state because these parameters influence the lattice rigidity.”**%"*
Currently, there is a lack of systematic ultrafast studies comparing
the dynamics in PBAs that only differ in their stoichiometric ratios.
Work on the V-Cr PBA, using magneto-optical methods for the
first time, could show that it is possible to change the magnetic
exchange between sites in the lattice on a sub-picosecond
timescale."*” This technique is promising in combination with
XFEL measurements to understand ultrafast photoinduced mag-
netisation dynamics. We note that steady-state illumination of the
photomagnetic Co-Fe PBA results in an increase in the MO
signal,® which would be interesting to study in a time-resolved
experiment.

Until now, the electron dynamics have been explained using a
localised picture of the wavepacket and focusing on direct charge-
transfer between localised sites. It has been shown that optical
excitation does lead to long-range structural ordering, as in the
MnFe PBA, and rapid heating of the lattice. The question then is if
one should also consider a delocalised conduction band in the
more crystalline PBAs to see if the dynamics can be described
using methods from condensed matter physics. For example, spin
and charge dynamics in lead halide perovskites are described well
using a band theory picture. Exciting electrons into the conduc-
tion band, Giovanni et al. were able to measure spin relaxation
times of electrons and holes using time-resolved Faraday
rotation,"*® similarly to what was previously done on Mn-doped
semiconductors described in the Introduction.”! Likewise, the
early 20 fs anisotropy measurements by Arnett et al. pointed to a
rapid delocalisation of the charge-transfer state,">* which is also
seen in molecular [Ru(bpy);]*","** which is a problem that has
been discussed for a long time. The question then arises if there is
a role for free carriers but very limited amount of work on
photoconductivity of PB has been done.””®'®® Such questions
could potentially be answered using terahertz spectroscopy.

It will also be interesting to make use of the elemental
specificity of XFELs to explore charge-transfer effects in multi-
layers of PBAs, such as multicore CoFe PBA.*"'" It is possible that
time-resolved IR measurements monitoring the different CN™
stretch modes, which provide a spectral fingerprint of the PBA
oxidation state, could be used to achieve layer-specific sensitivity.
Controlling magnetic (and other) properties in stimuli-responsive
and multifunctional devices with fs pulses is an exciting prospect.

The fundamental understanding of manipulating spins with
fs laser pulses in PBAs will set the scene to explore other
magnetic materials. For example, a molecule-based magnet
incorporating chromium ions and pyrazine building blocks
was recently made, which displayed ordering temperatures up
to 242 °C.'"®* New single-molecule magnets are also being
developed that are magnetic around 77 K.'®*®* Understanding
the fundamental photoinduced processes in magnetic mole-
cules can lead to a change in how fast and efficient we can store
digital information in the future.
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