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Recent advances in attosecond physics provide access to the correlated motion of valence and core
electrons on their intrinsic timescales. For valence excitations, processes related to the electron spin are
usually driven by nuclear motion. For core-excited states, where the core hole has a nonzero angular
momentum, spin-orbit coupling is strong enough to drive spin flips on a much shorter time scale. Here,
unprecedented short spin crossover is demonstrated for L-edge (2p — 3d) excited states of a prototypical
Fe(II) complex. It occurs on a time scale, which is faster than the core-hole lifetime of about 4 fs and can
be manipulated by the excitation conditions. A detailed analysis of such phenomena will help to gain a
fundamental understanding of spin-crossover processes and establish the basis for their control by light.
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The rapid development of gas-phase and surface high-
harmonic generation techniques paves the way to study
ultrafast processes occurring in the soft-x-ray domain [1-3]
and on ultrashort time scales approaching few tens of
attoseconds [4]. The novel light sources provide a tool to
measure, trigger, and control ultrafast electronic processes in
atoms, molecules, and nanoparticles for both valence and
more tightly bound core electrons via preparation of intricate
superpositions of quantum states [5—7]. Attosecond spec-
troscopy has a huge potential to study atomic and molecular
responses to incident light [8,9], thus giving access to,
for example, electron correlation manifesting itself in the
entanglement of bound and photo electrons (shakeups),
Auger and interatomic Coulomb decay, as well as to the
coupling of electrons in plasmonic systems [5-7,10].
Further, progress has been seen for the understanding of
the dynamics of charge (hole) migration in molecules driven
solely by electron correlation [10—15]. Microscopic under-
standing of such ultrafast transfer phenomena is essential,
e.g., to approach the fundamental limits of the transmission
speed of signals relevant for molecular electronics.

Devices based on spin-polarized currents are a prospec-
tive extension of conventional electronics [16,17]. Recently,
spin-crossover dynamics attracted much attention, e.g., in
the context of high-density magnetic data storage devices
[18,19]. Popular materials are based on Fe(Il) organometal-
lic complexes. Because of their partially filled 3d shell,
they feature low- as well as high-spin electronic states. Upon
valence excitation, these systems exhibit an ultrafast spin
crossover, occurring on time scales of the order of 100 fs
[20]. The spin-orbit couplings (SOC) between valence-
excited states, however, are small, and spin crossover is
essentially driven by nuclear motion since it requires the
nuclear wavepacket to pass through a region of near
degeneracy of two states of different multiplicity. Thus,
the time scale is determined by the related vibrational
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periods (see also Ref. [21]). In passing, we note that this
is also a typical time scale for spin transfer between magnetic
centers in polynuclear metal complexes [22].

For core-excited electronic states of transition metal
complexes, however, the magnitude of SOC increases
dramatically. Therefore, one expects the spin dynamics to
change from a nuclear to an electronically driven process.
In this Letter, it will be demonstrated for the first time that
electronically driven spin crossover after core-hole excitation
in transition metals indeed takes place on a few femtoseconds
time scale. Further, the design of a possible experimental
setup to study such ultrafast spin dynamics is discussed.

The ultrafast spin-flip process is investigated using
the time-dependent restricted-active-space configuration-
interaction (TD RASCI) method, which is similar in spirit
to the techniques proposed in Refs. [22-24], but expands
on the interplay between electronic correlation and spin
dynamics. Here, the electronic wave function within
clamped nuclei approximation is represented in the basis

of Configuration State Functions (CSFs), <I)§S’MS), with the
total spin S and its projection M:
S.Mj M
(1) = S| @f ). (1)

J

The CSFs are obtained using a fixed molecular orbital basis,
optimized at the restricted active space self-consistent field
[25] level prior to propagation. The Hamiltonian in the CSF
basis reads

H(#) =Hcp+ Vsoc + Uex( (1)

(o) G ) (3 o)
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where we separated blocks of low (/) and high (k) spin
states. In Eq. (2), Hcy is the configuration interaction (CI)
Hamiltonian containing the effect of electron correlation.
The eigenstates of the spin-free Hamiltonian H¢; will be
called spin free (SF) states. SOC is contained in Vg, whose
matrix elements are calculated within a perturbative LS-
coupling scheme, based on atomic mean-field integrals,
which is an effective one-electron approximation to the
Breit-Pauli equation [26]. This method has demonstrated
good performance for L-edge spectra of transition metal
compounds [27-29]. It provides an intuitive interpretation in
terms of pure spin states with well-defined S and Mg
quantum numbers. The eigenstates of Hqp + Vgoc are called
SOC states. The interaction with the time-dependent electric

field, U; = —d;; - E(t) is taken in a semiclassical dipole
approximation, with the transition dipole matrices d;; and

the field vector E (7) having a carrier frequency Q and a
Gaussian envelope, i.e., E(t) = E, cos(Qt) exp[—12/(26?)].
The resulting time-dependent Schrédinger equation has
been solved with the Runge-Kutta-Fehlberg method using
adaptive step size control. The time steps did range from
2.5 as, when the external field was small or absent, down
to 0.09 as when the interaction with the pulse was
substantial.

In the following, the outlined approach is applied to the
spin-flip dynamics in [Fe(H,0)¢)**, whose x-ray absorp-
tion and resonant inelastic x-ray scattering characteristics
have been studied in Refs. [28,30,31]. The active space
used in TD RASCI calculations contains 12 electrons
distributed over the three 2p (one hole allowed) and five
3d (full CI) orbitals to describe the core-excited electronic
states corresponding to the dipole allowed 2p — 3d tran-
sitions [28,30-32]. This active space includes up to 4h4p
configurations and results in 35 quintet (S = 2) and 195
triplet (S = 1) electronic states, directly interacting via SOC,
according to the AS = 0, 1 selection rule. Accounting for
the different Mg components, the total amount of SF and
SOC states is 760, where 160 are valence and 600 core ones.
Notice that both the account for 444 p excitations and SOC
are essential to recover the dynamics of the highly correlated
core-excited states. Evaluation of the matrix elements of H;,

V;j, and (_ii,- in the CSF basis has been performed with a
locally modified morcas 8.0 [33] quantum chemistry
package, applying the atomic-natural-orbital relativistic
core-correlation triple-{ valence plus polarization (ANO
RCC TZVP) basis set [34,35] for all atoms.

In Fig. (la), the L-edge absorption spectrum of
[Fe(H,0)¢)*" is shown for further reference. It has a
shape characteristic for transition metals, featuring the
Ly (J=3/2) and L, (J =1/2) bands split due to the
SOC. This splitting is 12.7 eV (SOC constant is 8.5 eV),
which corresponds to a time scale of about 0.33 fs. Panel
(b) of Fig. 1 illustrates the degree of spin mixing for the
SOC states. It can be seen that the valence-excited states are

mostly pure quintets or triplets. In contrast, the core-excited
states are dominantly spin mixtures.

The dynamics discussed below are driven solely by
electronic SOC, while nuclei are fixed at the ground state
equilibrium positions. To justify the use of the clamped
nuclei approximation, we assume that the system is excited
far from conical intersections and that the considered time
interval is shorter than the relevant vibrational periods. For
[Fe(H,0),]*", the Fe-O stretching and O-Fe-O deforma-
tion modes possibly influencing the 2p — 3d core-excited
electronic states have periods above 100 fs.

In the following, we will discuss two different cases,
illustrating the dynamics of ultrafast spin crossover. In case I,

E(t) = 0, and it is assumed that a particular SF state has been
prepared. This somewhat artificial initial condition, which
would, in general, require complex-shaped circularly polar-
ized pulses with sub-200 as duration, will serve as a reference,
which highlights the spin dynamics driven solely by SOC.
In case II, the system is initially in the ground state, with the
M ¢ components of the lowest closely lying electronic states
being populated according to the Boltzmann distribution at
300 K. The core hole is created and thus, spin dynamics are

driven by an ultrashort x-ray pulse, E (1), which is linearly
polarized along the shortest of the Fe—O bonds. The spectral
overlaps of the different pulses with the SOC states are
shown in Fig. (1b) as numbered ranges.

Case 1.—We have selected two quintet SF states, i.e.,
numbers 7 and 111, denoted as SF,, and SF_., respec-
tively, as initial states for investigating the SOC-driven spin
dynamics; for the contributions of SF,, and SF_,. to the
SOC states, see Fig. (1b). These two states have been
chosen as typical representatives of valence- and core-
excited levels, with other states showing similar dynamics.
SF,, is a superposition of valence-excited SOC states and
it features a rather weak SOC, such that there are little
dynamics within the considered time window of 15 fs (see
Supplemental Material [36]). Hence, it will not be dis-
cussed further. In contrast, SF_.., which corresponds to
Mg = +2 (four spin-up electrons) has contributions of
SOC states from essentially the whole core-hole excited L
and L, bands [cf. blue bars in Fig. (1b)].

Panels (c) and (d) of Fig. 1 show snapshots of the time
evolution of the spin-density difference, py —p| and the
total populations of all quintet and triplet states, respec-
tively. A more detailed analysis in terms of the different M
components is given in the Supplemental Material [36]. As
a consequence of SOC, the population spreads over both
quintet and triplet states such that the total triplet population
becomes even larger than the corresponding quintet one
within about 1 fs [Fig. (1d)]. The population transfer occurs
stepwise according to the AMg =0, 1 selection rule
within and between both spin manifolds. The main con-
tribution to the fast drop of the quintet population during
the first few fs is due to the (S =2, My =+2) — (S =1,
Mg = +1) transitions. Quintets with Mg = —1 and —2 start
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FIG. 1.

Collective contributions of the quintet (red bars) SF states to the stationary SOC eigenstates (3 ; MS|C§

areas correspond to the triplet SF states (3 j.Ms|c;Szl’M“)|2

Time / fs

(a) X-ray absorption spectrum of [Fe(H,0),]**; arrows denote the excitation energies considered in case II, see text. (b)

S=2Ms)12 see Eq. (1); the grey

), which together with quintet ones, sum up to unity. The particular

contributions of valence SF states (SF,,, green bars) and core SF states (SF,,., blue bars) to the different SOC states are also shown.
Numbered ranges reflect the bandwidths of 0.5 eV (1 and 3) and 5.0 eV (1°, 2, and 3’) pulses, with carrier frequencies denoted in panel
(), in terms of the involved SOC states. (¢) Evolution of spin-density difference, py — p| (red—positive, blue—negative, contour value
0.001), obtained in case I for an initial state, which corresponds to the SF_., with Mg = +2. (d) Evolution of the total population of the
quintet and triplet electronic states after instantaneous excitation to the SF_,. state (case I). (e) Evolution of the total population of the
quintet and triplet electronic states after explicit field excitation (case II), with the pulse centered at 7Q = 708.4 eV, having a bandwidth
of i/6 = 5.0 eV and E, = 2.5 E,e”'bohr~!. The envelope of the excitation pulse is shown in grey. The population of My components

of the ground state is shown by the blue line.

to be populated only after about 1 fs. Because of this quintet-
triplet population transfer, p; notably decreases during the
first 3 fs [Fig. (1c)]. After about 4 fs, the system almost
equilibrates, ie., the 760 electronic states act like an
“electronic bath.” The corresponding populations of Mg
components oscillate around their mean value (see
Supplemental Material [36]). The spin density changes
relatively slowly from the dominating p4 to the dominating
p, and back due to the partial revivals of quintet’s positive
and negative spin projections. The fast modulation in
Fig. (1d) with a period of ~0.32 fs can be assigned to the
SOC splitting between the L, and L3 bands. It is roughly the
same for all interacting states and is an intrinsic property of
the 2p core hole. To sum up, core-excited states demonstrate
unprecedentedly fast purely electronic spin-flip dynamics,
which is two orders of magnitude faster than that driven by
nuclear motion in conventional spin crossover [20].

Case II.—Next, we consider the more realistic situation
of an excitation with Gaussian-shaped, linearly polarized
pulses having temporal duration of ¢ = 0.8 and 8.3 fs
(bandwidths #/6 = 5.0 and 0.5 eV), respectively. The
spin dynamics upon excitation, with a light pulse with
bandwidth of 5.0 eV centred at 708.4 eV [labeled 2 in

Figs. (la) and (1b)], is shown in Fig. (le). For this
excitation condition, the ultrafast spin-flip process also
occurs as in the case I, but the population of all triplet states
stays below 40% within the time period of 15 fs.

Note that the field strengths (see Fig. 2), despite their
large magnitudes, at soft-x-ray wavelengths correspond
to the weak-field regime with Keldysh parameter y > 7.
Moreover, the transition dipoles are quite small and the
Rabi energy with respect to the strongest transition is
dpaxEo = 2.7 eV and 1.6 eV for the spectrally broad and
the narrow pulse, respectively. In fact, E, has been chosen
merely to have an appreciable depletion of the ground state
for illustration purposes. Indeed, the dynamics triggered by
much weaker pulses coincide qualitatively with the present
one, see Supplemental Material [36].

The actual degree of quintet-triplet spin mixing is rather
sensitive to the excitation conditions. This is shown in
Fig. 2 where the spin dynamics are given for two different
excitation frequencies, 706.9 and 711.5 eV, and two
bandwidths, 0.5 and 5.0 eV. Here, the excitation frequen-
cies correspond to spectral regions with small and notable
SOC mixing [cf. the arrows in Fig. (1a) and the numbered
ranges in Fig. (1b)]. The pulse amplitude has been chosen
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FIG. 2. Spin dynamics initiated by the explicit field excitation
with different carrier frequencies and bandwidths corresponding
to: (a) 706.9 eVand 5.0 eV, (b) 711.5eVand 5.0 eV, (c) 706.9 eV
and 0.5 eV, (d) 711.5 eV and 0.5 eV, respectively [for the spectral
overlap with the SOC states, cf. Fig. (1b)]. The field amplitude
is E, = 2.5E,e”'bohr™! for panels (a) and (b), and E, =
1.5E,e~! bohr~! for (c) and (d).

such as to yield a similar depletion of the ground state of
about 80% (blue curves, Fig. 2). The spectral selectivity
with respect to the spin mixing is fairly pronounced: a
slight modification of the excitation frequency from
706.9 eV to 711.5 eV changes the quintet/triplet ratio at
15 fs from 0.4 to 11.3 [see Figs. (2¢) and (2d)].

As compared with case I, most notable is the absence
of the rapid oscillations. This is due to the fact that the
temporal width of the pulse is longer than the 0.3 fs
oscillation period dictated by SOC, i.e., the effect is
smeared out. Further, there are more slowly oscillating
components in Fig. (1e) than in case I. This can be traced to
the fact that the initial state before excitation is an
incoherent thermal mixture of different My components.
Excitation with linearly polarized light (in the absence of
a magnetic field) leads to equal populations of £Mg
components, see Supplemental Material [36]. Hence, the
pattern of AMg = 0, %1 transitions, which are possible
upon excitation, changes. Comparing Figs. (2a) and (2b)
with Fig. (1e), one notices similar oscillations, but decreas-
ing the bandwidth of the pulses [panels (c) and (d)] washes
out the oscillations almost completely.

The striking dependence of spin ratios on the pulse
parameters being established within a few femtoseconds
calls for an experimental verification. The most direct way
to access the spin dynamics would be time-resolved non-
linear x-ray spectroscopy, e.g., stimulated resonant inelastic
x-ray scattering (SRIXS) [37-39]. With this technique, one
projects the mixed-spin core states onto the manifold of
pure-spin valence states, which are usually energetically
well separated in transition metal complexes, see e.g.,
discussion in Refs. [31,40]. Thus, the relative SRIXS
intensities in the respective energy ranges (0—1.5 eV for

quintets and 1.5-8.2 eV for triplets in the case of
[Fe(H,0)¢)?" system), resolved in time, would allow
one to judge on the evolution of the contribution of pure
spin states to a mixed one.

Summarizing, we have studied the spin-flip dynamics,
which are driven solely by SOC on a time scale where
nuclear motion can be neglected. Such dynamics should be
typical for states having core holes with a nonzero orbital
momentum. This process can be considered as an elemen-
tary step of the conventional nuclear dynamics driven spin
crossover [18], analogously to charge migration [13] being
an elementary step of electron-nuclear dynamics leading
to charge transfer [41]. In both cases, electronic wave
packet dynamics are ultimately coupled to nuclear motions,
eventually leading to charge or spin localization. Using the
example of a prototypical third period transition metal
complex, it has been demonstrated that soft-x—ray light can
trigger spin dynamics, which are faster than the lifetime
of the 2p core hole (x4 fs and ~10 fs for Fe L, and L,
respectively) [42]. Interestingly, the actual spin mixture can
be controlled to quite some extent with modest effort, i.e.,
by small changes of pulse duration and carrier frequency.
Although the reported ultrafast spin-flip process is of
predominant intra-atomic character, we expect the dynam-
ics to be influenced by the chemical environment (ligands),
especially in cases where covalent ligand-metal interactions
substantially change the electronic structure.

Given the recent progress in high-harmonic generation
[1-4] and free-electron lasers [8] and the upcoming estab-
lishment of time-resolved techniques, such as SRIXS
[37-39], the experimental verification of the ultrafast purely
electronically driven spin-flip process and its use for
manipulating spin dynamics appears to be within reach.
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