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A theoretical framework is developed for better understanding the time-dependent soft-X-ray
response of dissipative quantum many-body systems. It is shown how X-ray absorption and resonant
inelastic X-ray scattering (RIXS) at transition-metal L-edges can provide insight into ultrafast
intersystem crossings of importance for energy conversion, ultrafast magnetism, and catalysis. The
photoinduced doublet-to-quartet spin crossover on cobalt in Fe-Co Prussian blue analogues is used as
an model system to demonstrate how the X-ray response is affected by the nonequilibrium dynamics
on a femtosecond timescale. Changes in local spin and symmetry and the underlying mechanism are
reflected in strong broadenings, a collapse of clear selection rules during the intersystem crossing,
fluctuations in the isotropic branching ratio in X-ray absorption, crystal-field collapse/oscillations,

and time-dependent anti-Stokes processes in RIXS.

I. INTRODUCTION

Understanding intersystem crossings on a femtosec-
ond timescale is of the upmost importance for progress
in fields such as ultrafast magnetism and phase transi-
tions, catalysis, and energy conversion processes. Un-
fortunately, few experimental tools allow the measure-
ment of the nonequilibrium electronic structure on this
timescale. Recent years have seen the construction of sev-
eral X-ray free-electron laser facilities based on the prin-
ciple of self-amplified spontaneous emission enabling the
creation of femtosecond X-ray pulses with a few hundred
meV resolution. By using the self-seeding mechanism® 3,
additional spectral power and stability can be obtained.
Despite the tremendous experimental progress, our un-
derstanding of the nonequilibrium X-ray response func-
tion is virtually uncharted territory, which complicates
experimental progress and hampers our ability to extract
information from these crucial experiments. In this Let-
ter, it is demonstrated that X-ray spectroscopy can pro-
vide valuable insights into the changes in local spin and
electronic structure on a femtosecond timescale. This
ability is demonstrated by the study of an ultrafast spin
crossover® 7, a model intersystem crossing where the lo-
cal moment is changed on the femtosecond timescale after
irradiation with visible light. Recent experiments have
pushed the spin crossover switching time below 50 fs®,
which is less than the oscillation period of the breath-
ing mode of the ligands surrounding the magnetic ion.
In addition to potential applications in magnetic data
storage, spin crossover materials were one of the first
systems studied using ultrafast X-ray based pump-probe
experiments® 12,

The X-ray response is described for the photoinduced
spin crossover on the cobalt ion in Fe-Co Prussian blue
analogues'® %, The process is initiated by a photoexcita-
tion from the iron to the cobalt ion, see Fig. 1. Whereas
the Fe ion remains low spin, the divalent cobalt ion goes
from a doublet (S = 1) to a quartet (S = 2)!%1416_ The
observed increase in the cobalt-ligand bond length oc-

curs in less than half the oscillation period of the breath-
ing mode'?. The relative simplicity of the spin crossover
in the Fe-Co Prussian blue analogues allows us to fo-
cus on the effects of intersystem crossings on the time-
dependent nonequilibrium X-ray response. The most
common soft-X-ray experiments that can probe the spin
crossover are X-ray absorption (XAS) and resonant in-
elastic X-ray scattering RIXS) at the transition-metal L
edges (2p — 3d)'®1720. Some progress has been made
in the theoretical treatment of femtosecond spectroscopy
using nondissipative ab initio methods?' 24 with classi-
cal nuclear motion. Whereas ab initio approaches often
work well at K-edges, the agreement with experiment is
usually poor at transition-metal L-edges that are domi-
nated by configuration interactions. Here, an approach
is taken where the emphasis lies on a proper many-body
description of the Coulomb and spin-orbit interactions
and a quantum-mechanical treatment of the dominant
breathing mode representing the metal-ligand distance.
The time-dependent XAS and RIXS show several key
features that allow the study of the nonequilibrium dy-
namics.

II. MODEL

The model couples a cobalt ion with full configuration
interaction to a breathing mode that describes the change
in metal-ligand distance®?®. Quantum dissipation of the
oscillation of the breathing mode causes a complete re-
laxation into the metastable high-spin state. This model
has been successfully used to describe the low-to-high
spin crossover in Fe-Co Prussian blue analogues'®. The
total Hamiltonian H = He1+ Hel—phonon contains an elec-
tronic and and an electron-phonon part. The electronic



part is given by
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where ¢l creates an electron in an orbital with index
1 = nlmo where nlm are the usual quantum numbers of
a hydrogen-like atom and o = :l:% is the spin projection.
More details on the Hamiltonian and the spin crossover
are given in'®. For a divalent cobalt atom, the initial
and RIXS final-state configurations are |3d";n) where n
here refers to the number of excited states of the local
breathing mode. The XAS final states and RIXS inter-
mediate states are |2p3d®;n), where 2p refers to a hole
in the 2p core level. The first term on the right-hand
side contains the single-particle interactions, such as on-
site energies given by A, and the 2p and 3d spin-orbit
interactions L - S.  The second term contains the full
multiplet Coulomb interaction between the 3d electrons
and between the 3d electrons and the 2p core hole?6:27,
The electronic part of this many-body model has been
very successful in describing spectroscopy on transition-
metal compounds in the X-ray and optical region?6 30,
The parameters agree well with those used to interpret
mixed-valence Fe-Co Prussian blue analogues?® and the
RIXS for divalent cobalt?!32,

The dominant change in the interaction between the
cobalt ion and the ligands is due to the increase in metal-
ligand distance, which has by far the largest effect on the
local electronic structure. Symmetry considerations tell
us that the most important mode is the breathing mode
where the distance between the cobalt and the ligands
changes equally in all six directions. The coupling be-
tween the breathing mode and the local electronic struc-
ture is given by

o+ n,,
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where hwo = 40 meV, a' is the step-up operator for the
breathing mode, and n,, is the number of to holes. The
last term on the right-hand side is the electrostatic in-
teraction between the electrons and the breathing mode
parametrized by the energy ¢, = 2.5 eV. There are two
factors contributing to an increase in metal-ligand dis-
tance. First, the stronger repulsion resulting from the
change in valence from trivalent to divalent is included
by the term o = 2. Second, the spin crossover happens
via a to — e conversion. Since the lobes of the e orbitals
are pointing towards the ligands, the repulsion of an elec-
tron in this state and the negatively-charged ligands is
stronger than that of the ¢o orbitals. This term is pro-
portional to the number of ¢ holes n,, which is directly
related to the number of e electrons, n, = 1+n,,. The pa-
rameter values have been optimized to obtain agreement
with ab initio potential landscapes'*16 with regards to
energy separations and relative equilibrium positions.

Dissipation is included through the damping of the mo-
tion of the breathing mode'®?®. The physics underly-
ing the damping is that the local vibronic mode is not
an eigenstate of the larger system. The majority of the
damping is therefore a simple delocalization of the oscil-
lation, which represents itself as a damping in the model
where only a local breathing mode is considered. In
molecular spin-crossover complexes, this delocalization
manifests itself nicely by a transfer of vibrational energy
from the breathing to the bending modes!?. This damp-
ing is essential for understanding the entire spin crossover
process, since it removes excess energy from the local sys-
tem and prevents recurrences to the original state. For
larger time scales ¢ > 500 fs) the damping of the breath-
ing mode is not the most effective relaxation mechanism
between the spin-orbit-split states of the lowest quartet
state and the inclusion of additional relaxation processes,
such as long-range Coulomb scattering, can reduce the
relaxation time. However, the X-ray reponse is more de-
pendent on the nature and symmetry of the lowest states
and less on the relaxation mechanism. Therefore, the X-
ray response is expected to be similar.

III. X-RAY SPECTRAL FUNCTIONS

For the X-ray response, we consider L-edge (2p — 3d)
spectroscopies, which are of importance for understand-
ing experiments at self-seeded soft-X-ray free-electron
lasers. These are strong transitions dominated by the
dipole operator D,, where ¢ are the components. The
X-ray absorption is calculated using Fermi’s golden rule

Ixas(w,t) = Y [(n[ Dyl (1))[*6(hw + E(t) = En), (3)

where fiw is the energy of the incoming photon and a sum-
mation over the different polarization components ¢ is
made to obtain the isotropic spectrum. The initial state
is the time-dependent wavefunction |¢(t)) with energy
E(t) = ((t)|H|(t)); the final states |n) have energy
E,,. The RIXS is obtained from the Kramers-Heisenberg
formula33,
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Irixs(w,t) =

where I' = 0.27 €V is the lifetime broadening in the in-
termediate state. Note that the X-ray absorption final
states are the intermediate states of the RIXS process.
Since the core-hole lifetime is much shorter than the oscil-
lation period of the breathing mode, the spectra are cal-
culated as instantaneous. The energy difference 7i(w’—w)
between the final and initial photon is equal to the en-
ergy E(t) — E, where negative and positive differences
correspond to an energy loss and gain, respectively. Since
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FIG. 1: (a) Schematic description of the spin crossover in
Fe-Co Prussian blue analogues. The doublet-to-quartet in-
tersystem crossing is initiated by a Fe to Co photoexcitation.
(b) The schematic energy landscape by treating the breathing
mode as classical. The energies are plotted as a function of
the change in metal-ligand distance, where Ady is the change
in distance between the lowest states of Co®" (low spin) and
Co?** (high spin). The red and blue energy curves indicate
two- and four-fold degenerate states, respectively. The black
line gives the total energy of the system (kinetic plus poten-
tial) as a function of the expectation value of the metal-ligand
distance (Ad(t))/Ado. The numbers indicate times in fem-
toseconds for which the X-ray response is shown.

the RIXS process started from an excited state, the final
photon energy hiw’ can exceed its initial value fiw.

The model was solved by constructing a matrix based
on the Hamiltonian in Eq. (2) for the basis described
in the Model Section. The time-development of the
photoexcited state is calculated using Krylov subspace
techniques®®. Dissipation occurs via the inclusion of a
microscopic damping mechanism of the vibronic mode as
was described in detail in earlier work!>2?. X-ray spec-
tra are calculated by applying the dipole operator on
the nonequilibrium state and performing a tridiagonal-
ization. For RIXS, the dipole operator is applied again
on the vectors obtained via tridiagonalization. A second
tridiagonalization is then performed to obtain the RIXS
final states.

IV. RESULTS

Figure 1 summarizes the key results of the spin
crossover in Fe-Co Prussian blue analogues from Ref.*.
In the ground state, both Fe?* and Co®* are in a low-
spin t$ configuration, see Fig. 1(a). The spin crossover
is initiated by transferring an electron from the iron
to the cobalt ion. The low-spin tSe configuration (*E
in Mulliken notation) is a highly-excited state, see Fig.
1(b). Although the actual calculation uses a quantum-
mechanical breathing mode, Figure 1(b) shows the more
intuitive classical energy landscape. Around 15-20 fs, a
crossing between the low-spin doublet and the high-spin
t5e? (*T1) quartet state occurs. In the absence of quan-
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FIG. 2: The time-dependent nonequilibrium X-ray response
functions for the cobalt ion. (a) X-ray absorption intensity as
a function of incoming photon energy hw for selected times in-
dicated in the Figure. The metal-ligand separation and total
energy at these times can be found in Fig. 1. (b) RIXS inten-
sity as a function of the change in photon energy h(w’ — w)
for selected times indicated in the Figure. RIXS was calcu-
lated for the incoming photon energies indicated by the small
vertical lines of corresponding color in the absorption spec-
tra in (a). Some spectra are scaled by the amount shown in
the Figure. The small black vertical lines indicate the highest
possible fi(w’ —w). The top spectra show an atomic multiplet
calculations with a static cubic crystal field of 10Dq = 2.7 eV.

tum dissipation, the spin crossover still occurs'®, but the
total spin values are between 1.1 and 1.35 for the first
1 ps and never reach the expected value of S = % for a
quartet state. The behavior of the total energy (kinetic
and potential) as a function of the expectation value of
the metal-ligand distance is shown in Fig. 1. After a few
oscillations around the new equilibrium position, the sys-
tem settles in the lowest quartet state in approximately
150-200 fs. For ¢ > 200 fs, the system further relaxes be-
tween the spin-orbit split manifolds arising from the 4T}
state, which are separated by ~130 meV, see Fig. 1(b).

Let us now turn our attention to the X-ray response.
The photoexcitation adds an e electron to the |3d®(1A;))
ground state of cobalt creating [3d”(*E)) states (in Mul-
liken notation) with predominantly tSe character, see
Fig. 1(a). Figure 2 shows the XAS and RIXS at differ-
ent times ¢ after the photoexcitation. The spectrum at
t = 0 can be compared with a multiplet calculation with
a static cubic crystal field 10Dq = 2.7 €V, which has a
low-spin ground state. The peak positions and weights
of the nonequilibrium spectra at ¢t = 0 fs and the mul-
tiplet calculation compare well indicating that the two
initial states are similar. However, there is a significantly
larger broadening of the spectral features for the nonequi-
librium system. The change in equilibrium metal-ligand



distances for divalent and trivalent cobalt leads to the for-
mation of a coherent wave packet in the 2E potential well.
For a particular final state, the spectral weight of the n’th
excited vibronic states is then given by the Poisson distri-
bution e=9¢" /n!, with g = (E(0) — Eo(*E))/(hwo) = 30,
where E(t) is the energy of the nonequilibrium state and
Eo(2E) is the minimum energy of the 2E state. For large
g, this can be approximated by exp[—(n—g)?/(2g)] with
a full-width-half-maximum of 2/2¢ In 2 corresponding to
an energy width of about 0.5 eV. This is close to the
width of the RIXS zero-loss line, see Fig. 2(b).

In the following approximately 15 fs, the system moves
in the 2E potential well. The structure of the XAS and
RIXS spectra remains similar to the ¢ = 0 spectrum. Al-
though RIXS does not conserve spin, as a rule of thumb,
spin-flip transitions are suppressed relative to the spin-
conserving transitions by a factor (j + %)2 = 4,1, where
] = %, % is the 2p total angular momentum for the L3 /o
edges, respectively?”3°. At the Lz edge, the strongest
peaks therefore arise from spin-conserving crystal-field
transitions (t2 — e). Starting from the predominantly
tSe initial state, this gives a t3e? configuration, which is
present in several irreducible representations2® that are
split by the dd Coulomb interaction. The most domi-
nant are the 2T} and 2T, states that are close in energy.
The energy needed to make a 2E —?2 T1,? T, decreases
strongly between 0 and 15 fs. The transition energy,
which is somewhat less than the effective crystal field
splitting, decreases due to the reduction in repulsion be-
tween the electrons on the cobalt and the ligands repre-
sented by the breathing mode.

The spin crossover occurs in the time range of 15-25
fs, when it reaches over 90% of the S = 2 spin value'®.
One of the most noticeable features is the appearance of
spectral weight on the energy-gain side in the RIXS spec-
tra in Fig. 2(b). These anti-Stokes features have been
observed experimentally in Fe(CO)52°. Although energy-
gain states are already present directly after photoexcita-
tion, their intensity was strongly suppressed (the largest
possible energy gain is indicated by the small black ver-
tical lines in Fig. 2(b)). The reason for the small initial
spectral weight is two-fold: first, the transition requires a
spin flip, which has a smaller transition probability; sec-
ond, the overlap between the two displaced states of the
breathing mode is exponentially suppressed®®. Another
indicator of the intersystem crossing is the disappearance
of sharp features in both XAS and RIXS. Note, for ex-
ample, the extremely broad X-ray absorption spectrum
at t = 21 fsin Fig. 2. The presence of a clear X-ray spec-
tral line shape is the result of the combination of selec-
tion rules and a relatively well-defined initial state. The
strong mixing between the doublet and quartet states
during the spin crossover leads to a breakdown of the
latter condition. Therefore, during the spin crossover,
we also observe the appearance of quartet states. In
particular, the RIXS features for energy losses greater
than 3 eV, can be identified as *T; states. This state
has predominantly 3 (3T} )e® character and is a minority-
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FIG. 3: Same as Fig. 2, but now for times from 70 fs to

900 ps. The bottom spectra are multiplet calculations with
10Dg = 0.83 eV.

spin crystal-field excitation starting from the high-spin
4T state.

In the time range after the spin crossover, from ¢t = 30
to roughly 150 fs, the system relaxes into the lowest quar-
tet state due to quantum dissipation. This is manifested
in different ways in the X-ray response functions. First,
there is a clear narrowing of the features in the XAS, see
Fig. 2(a). Although spin is not a good quantum num-
ber due to the large 2p spin-orbit interaction, the XAS
final states can still be grouped into states with a large
quartet or doublet character. The narrowing occurs be-
cause there are simply less quartet states that are spread
over a narrower energy range compared to the doublet
states®”. We return to the strong increase in the branch-
ing ratio (the intensity ratio of the L3 and Lo edges)
below. The RIXS calculations also show a narrowing of
the spectral features. The relaxation can also be seen in
the energy-gain features which move closer to the zero-
energy loss peak and increase in intensity. Additionally,
there is an oscillation between 0.5 and 1 eV of the *T%
state, which follows the damped oscillatory motion of
the breathing mode . This state corresponds to a to — ¢
crystal-field excitation starting from the T} state. The
spectra for large times ¢ > 200 ps still show additional
phonon broadening, which is not related to motion of
the breathing mode in the initial state, but to vibronic

excitations created by the RIXS process?®.

We now discuss the further relaxation in the
metastable 4T state for t > 150 fs, see Fig. 3. First,
let us note that the final XAS spectrum at ¢ = 900 ps
compares well with a ligand field calculation with cubic
crystal field of 10Dq = 0.833 €V, see Fig. 3(a). The value
of 10Dgq is equal to lap, which is the expected energy dif-

3
ference due to the electron-phonon coupling between 1



and 2 e electrons. This agreement is not directly obvious
considering the strong coupling between the electronic
system and the breathing mode. However, as a result of
the final-state mixing by the Coulomb and 2p spin-orbit
interactions, the result is only a small broadening.

A crucial parameter of the isotropic L-edge XAS is the
branching ratio (BR), 4.e. the intensity ratio of the Ls
and Lo edges, see the red line in Fig. 4. This quantity
can provide information on the nonequilibrium state even
when the spectra are significantly broadened. Without
interactions, the expected statistical ratio is 2, which is
the ratio of the degeneracies of the 2p; core levels. Right
after photoexcitation, the branching ratio is 1.44 and
therefore less than statistical. During the spin crossover,
the branching ratio increases quickly to 3 and then re-
treats somewhat. After strong oscillations between 40
and 80 fs, the branching ratio increases steadily to close
to 7.6. Clearly, the branching ratio is a sensitive quan-
tity and reflects changes in the development of the excited
state. Let us take a closer look at the effects underlying
these changes. Sum rules relate the branching ratio to
properties of the initial state?”37,

2np — (WL - S[¥(1)) + B(#)
nn + (@)L Slp(t) — B(E) |

where nyj, is the number of holes with n, = 3 for diva-
lent cobalt. The factor 3(t) reflects the effect of Coulomb
interactions on the branching ratio, to which we return
below. Taking 3(¢) = 0 and no spin-orbit coupling gives
the statistical ratio. The next term is the expectation
value in the nonequilibrium state of the angular part of
the spin-orbit coupling (¢ (¢)|L- S| (t)). The gray line in
Fig. 4 shows the expected branching ration for 5(t) = 0.
Although the absolute value is off, the isotropic branch-
ing ratio from the spectra reflects well the variations of
the spin-orbit coupling in the nonequilibrium state.

The derivation of the sum rule for the isotropic spec-
trum in Eq. (5) (with B(¢) = 0) assumes that the j
value of the core level is a good quantum number. Un-
fortunately, this is not the case for divalent cobalt where
Coulomb interactions couple the spin-orbit split edges.
Therefore, although variations in the spin-orbit coupling
in the 3d levels are reflected in the branching ratio, ad-
ditional corrections are needed to explain the absolute
value. The additional effects due to the Coulomb in-
teraction are modeled phenomenologically with the term
B(t). In the excited state, the Coulomb interaction in the
3d shell steadily decreases when going from the low-spin
state to the Hund’s rule stabilized ground state. This
also affects the X-ray absorption final state3”. Since the
dipole transition is spin conserving, low/high-spin states
end up in final states with predominantly low /high spin
character, which, on average, have a higher/lower aborp-
tion energy®?, respectively. When the final states are
split by the large 2p spin-orbit interaction, this leads to
lower /higher branching ratio for the low/high spin ini-
tial states, respectively. Since the Coulomb interaction
is lowered in going from low-to-high spin followed by a
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FIG. 4: The red line shows the isotropic branching ratio ob-
tained from the calculated isotropic X-ray absorption. The
gray and blue line show the expected branching ratio obtained
from the nonequilibrium state [¢(¢)) using Eq. (5) without
and with the effects of the Coulomb interaction, respectively.

decay among quartet states, we expect the branching
ratio to increase as a function of time. This trend is
the same as for the spin-orbit coupling, where, for more
than half-filled shells, the spin and orbit are expected
to be coupled parallel. Modeling the Coulomb term as
B(t) = 0.124 0.78¢~4/7 with 7 22 100 ps significantly im-
proves the agreement, see the blue line in Fig. 4. This
smooth varying correction works well when the initial
state is predominantly in the high-spin quartet states.
However, a different dependence is necessary in the spin
crossover region where the Coulomb interaction changes
rapidly and Equation (5) with 4(¢) = 0 initially underes-
timates the branching ratio due to the low-spin character
of the initial state and, after the spin cross into the high-
spin state, overestimates the branching ratio. In Fig. 4,
a correction of 8(t) = —0.940.51¢ is used during the spin
crossover (t < 20 fs).

The effects on the branching ratio can therefore be
summarized as follows. Directly after the photoexci-
tation, the branching ratio is less than the statistical
value of 2, indicative of the low spin state. During the
spin crossover, it starts to exceed the statistical value
when entering the quartet states. Between 40 and 80 fs,
the branching ratio fluctuates strongly with a maximum
value occuring around %TD >~ 52 fs, where Ty = 27 /wg =
103 fs is the oscillation period of the breathing mode.
This region corresponds to the maximum metal-ligand
distance, see Fig. 1(b), and mixing with other quar-
tet states (T, *A3) occurs'®. These multiplets have
a higher number of t3 holes which are more likely to
form a finite angular momentum and therefore enhance
the expectation value of the spin-orbit coupling thereby
increasing the branching ratio. The mixing with other
quartet states decreases due to the damping of the oscil-
lation of the breathing mode, but smaller enhancements
of the branching ratio are still observed at %TO = 155
and gTo ~ 258 fs.

After the spin crossover and the initial relaxation into
the 7T state, the next phase is the long-term relaxation
between the spin-orbit split manifolds of the T} state,



see Fig. 1(b). The splitting can be understood intu-
itively by taking the threefold degeneracy of the 77 ir-
reducible representation as an effective angular momen-
tum Leg = 1. This is then coupled to the S = % spin
giving Jog = g, %, % In a cubic symmetry, the Jog = g
state further splits into two- and fourfold degenerate ir-
reducible representations. The twelvefold-degenerate 4T}
state therefore splits into the irreducible representations
E', U, U, and E"?®) see Fig. 1(b). The correspond-
ing spin-orbit coupling is (L - S) = —1.39, —0.82, 0.08,
and 0.60 12, respectively. The long-term behavior of the
branching ratio can be understood by a slow decay among
the spin-orbit split states of the *Ty irreducible represen-
tation. Since the Coulomb interaction hardly changes,
i.e. B(t) remains constant, the increase in branching ra-
tio is mainly due to the change in (L - S).

V. DISCUSSION

Whereas recent years have seen tremendous progress
in the development of well-defined short-pulsed soft-X-
ray sources, little is known about the time-dependent
soft-X-ray response of a nonequilibrium system. This
paper provides a framework for key aspects to consider
for time-dependent X-ray spectroscopy. The first thing
to note is the wealth of information contained in the spec-
tra which cannot be described as a simple superposition
of the initial and metastable state spectra as measured
in transient X-ray spectroscopy on the relatively long-

lived metastable state®®40). The X-ray absorption at

transition-metal L edges provides a strong sensitivity to
changes in the local symmetry and spin. The strong mix-
ing during the intersystem crossing (the spin crossover in
the Prussian blue analogue) leads to an apparent break-
down of selection rules. Even relatively detailed changes
due to small interactions such as the spin-orbit interac-
tion (an essential interaction for the spin crossover) cause
significant changes in the isotropic branching ratio, which
can be interpreted using a combination of sum rules and
spectral analysis. The RIXS spectra give a more di-
rect insight into changes in the local electronic structure.
The creation of a coherent wave packet is reflected in
the broadening of the spectral line shape. This motion
is further reflected in the crystal-field collapse and fol-
lowing oscillations caused by the change in metal-ligand
distance. The spin crossover also manifests itself by the
strong time-dependent spectral weight of the energy-gain
features.
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