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We present a fully ab initio study of the laser-induced ultrafast magnetization dynamics in cobalt-benzene
clusters ComBz;’/O (m,n =1,2). It is found that different geometric configurations and d-m interactions of
the four structures cause their high-level electronic structures to exhibit distinct characteristics. By using well-
tailored laser pulses to propagate the systems via a spin-orbit-coupling enabled A process, various local/global
spin-flip scenarios are achieved within subpicosecond timescales. Besides, a spin-flip-transfer process within
around 300 fs is predicted in Co,Bz. Governed by the Goodenough-Kanamori rules, the simultaneous spin flip
and transfer is favored when the two magnetic centers are antiferromagnetically coupled, reflected in the required
lowest laser energy and intensity. Most interestingly, we obtain a novel, W-process facilitated spin-crossover
scenario in the cluster CoBz™, which offers additional flexibility of designing relevant all spin-based functions
such as molecular switches and sensors. The transferability of the latter two scenarios is also analyzed from the
optical spectra of the initial and final states. These results provide the precursory guidance for further study of
ultrafast magnetization control in more extended metal-aromatic polymers, and also show their great potential in

future nanoscale spintronic applications and quantum information processing.
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I. INTRODUCTION

With the increasing demand for large-density storage and
high-speed processing in spintronics, optically induced ul-
trafast magnetization dynamics has become one of the most
intriguing issues of magnetism in recent years [1-13]. Among
a wide range of the involved magnetic materials ranging
from bulk structures to alloy multilayers and even molecu-
lar magnets, nanoscale magnetic clusters/complexes attract
more and more interest, due to their ultimately small size
that enormously favors the enhancement of the information
recording density and discrete energy levels that allow for ma-
nipulating magnetization states in a controllable way. Several
stable spin-based nanologic elements, for instance, magnetic
logic gates [14—17], spin shift register [18], and spin ERASE
functionality [19] have been proposed. These can serve as the
building blocks for constructing molecular spintronic devices
and promote the development of future quantum computing
or molecular computers [20].

Cobalt-benzene (Co-Bz) systems, being synthesizable by
use of laser-evaporation techniques, are of great interest
recently because of their unique physical and chemical
properties. Numerous experimental [21-26] and theoretical
[27-39] investigations concerning their fabrication, charac-
terization, geometries, electronic structures, and magnetic
properties have been reported. With respect to theoretical
methods, density functional theory (DFT) approaches that
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highly depend on the exchange-correlation functionals are
commonly employed. Besides, the quantum Monte Carlo
method [36] and the complete active space self-consistent
field (CASSCF) method [40] are also applied to investigate the
structure, ionization/dissociation energy, and spin-dependent
electronic gap of cationic cobalt-benzene systems and the
adsorption of cobalt on a local structure of graphene, respec-
tively. However, for the predictive study of ultrafast laser-
induced spin dynamics in these systems, which requires a
high-level, complete wave-function-based description, to the
best of our knowledge, has not been reported yet.

In this paper we perform a fully ab initio quantum chem-
istry calculation on ultrafast spin dynamics in small (half-)
sandwich Co-Bz clusters Comsz/ O (m,n = 1, 2). Different
from the fullerene-encaged structures [41], where the mag-
netic centers are too isolated from the environment, and
the ligand-stabilized structures [42,43], where the magnetic
centers are too separated by the attachment of bridging atoms,
these intermediate (half-)sandwich clusters are expected to ex-
hibit new features for their spin dynamics. In addition, study-
ing spin manipulation in these structures is fundamentally
and technologically crucial for future spintronic applications,
since it helps to understand the magnetic nature of larger
systems such as complicated organometallic complexes, tran-
sition metal-benzene (TM-Bz) sandwich molecules bridging
the tips of certain nanocontacts [33,38], and TM atoms ad-
sorbed on monolayer or bilayer graphene [40,44—47]. All of
them are promising to be realized in the present experiment
and technology status. Most importantly, as basic building
blocks, sandwich-type TM-Bzs are suggested to be possible
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candidates for the functionality of spin filters/spin valves and
information storage [31,48,49].

The paper is organized as follows. Section II introduces the
computational method. Then, the structures, infrared spectra,
and energy levels of the four systems are given in Sec. III.
In Sec. IV the achieved ultrafast dynamics results of spin-flip
(Sec. IV A), spin-flip-transfer (Sec. IV B), and spin-crossover
(Sec. IV C) scenarios are presented and analyzed. Our sum-
mary follows in Sec. V.

II. THEORETICAL METHOD

In our ab initio study, the Hamiltonian of the strongly
correlated systems is solved in three steps [43,50,51]. First,
for the nonrelativistic part, by using the GAUSSIAN 16 pack-
age [52], the structural optimization and infrared spectra are
performed at the Hartree-Fock (HF) level. The subsequent
high-level electronic structures are calculated by applying the
symmetry-adapted cluster configuration interaction (SACCI)
method [53], which is capable of providing a more accurate
description of the many-body problem by taking various
virtual excitations and multiple effects of correlations into
account. To keep the balance between accuracy and cost of
calculating excited states of the strongly correlated systems,
we choose the Lanl2dz basis set for Co and STO-3G for C and
H atoms as a compromise. Before starting the dynamical part,
in the second step we perturbatively introduce a static external
magnetic field (with a strength of 10~ atomic units) and
spin-orbital coupling (SOC) to eliminate the degeneracy and
obtain spin-mixed states that are required by the A process
(i.e., a two-photon process comprising the absorption of an
incident photon which excites the system from the initial
state to the spin-mixed intermediate states, and the successive
induced emission of a photon which de-excites from the
intermediate states to the final state) [50,51]. Here effective
nuclear charges are used to approximate the two-electron
integrals [54,55] when calculating SOC. Then, a suitably
tailored time-dependent laser vector potential is applied to
stimulate the light-matter interaction. The time evolution of
the system is described by a set of coupled differential equa-
tions [43,50,51] and solved with the fifth-order Runge-Kutta
method with Cash-Karp adaptive step size [56]. Additionally,
to efficiently achieve the desired dynamics with appreciable
population transfer from the initial state to the final state, a ge-
netic algorithm is adopted for optimizing the laser pulses [57].

III. STRUCTURES, INFRARED SPECTRA,
AND ENERGY LEVELS

The four stable structures optimized at the HF level, to-
gether with their symmetries, spin multiplicities, and Co-C
bond lengths, are shown in Fig. 1. The threshold values of
the maximum component of the force and the root-mean
square of the forces for the optimization step are less than
4.5 x 107* and 3.0 x 10~ hartree/bohr, respectively. It turns
out that the geometries of all of these structures take the form
of half-sandwich or sandwich type, of which the stabilities
are confirmed through the absence of imaginary frequencies
of the normal modes. Especially for Co,Bz;, its sandwich
geometry agrees with experimental suggestions [21-23] about
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FIG. 1. The optimized geometries of CoBz", Cosz, Co,Bz,
Co,Bz,, and their symmetries as well as spin multiplicities. The
Co-C bond lengths (in A) are labeled.

the “riceball” arrangement in which central metal clusters are
fully covered by Bz molecules (instead of the multidecker in
which metal atoms and Bz are alternately piled up).

Here the cationic species for the mononuclear Co clusters
(CoBz™ and C0B22+ ) are used, since the even number of
electrons enables us to have a triplet system that allows for the
separation of charge and spin dynamics. The lowest-energy
configurations of them are both found to be triplet, which
is consistent with Refs. [25,27,37]. However, some of the
ground-state symmetries differ depending on the structural
isomers considered and on the details of the computational
methods applied. For example, Cy, [25] and Cg, [27,37] are
almost degenerate in our calculation. The proposed triplet
Dgp, [25,27,37] configuration for CoBzzr has lower energy
than the obtained Cg, isomer. However, a vibration analysis
yields imaginary frequencies, which means that this is not
a stable geometry. This is also the case for predicting the
spin multiplicities and geometries of the dinuclear Co clusters
(CoyBz and Co,Bz,). In our study, the most reasonable and
stable structure of Co,Bz possesses C,, symmetry and has
spin multiplicity 3, while, with the same statement that the
Co-Co bond is perpendicular to the centroid of the Bz ring,
Ref. [35] indicates that its ground-state structure exhibits
C,, symmetry but in a quintet state (with energy 1.02 eV
higher than the triplet C,, configuration and one small imag-
inary frequency in our calculation), and Ref. [32] suggests
a triplet Cg, configuration (which is not converged in our
trials). For Co,Bz,, what we get is a triplet coaxial (here
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FIG. 2. IR spectra of the structures CoBz', CoBzj, Co,Bz,
Co,Bz, with the main vibrations with noticeable intensities
characterized.

coaxial means the Co-Co bond is collinear with the C, axis of
the whole structure) configuration exhibiting symmetry Dy,
while different spin states (singlet and triplet), symmetries (C,
and Dgj,), and conformations (coaxial and perpendicular) are
suggested in different references [24,28,30,35]. Among these
calculated isomers, the coaxial singlet Dg;, [28] and singlet
C», configurations are degenerate and lie 1.18 eV higher, the
perpendicular triplet Cy;, is 1.73 eV higher, while the perpen-
dicular triplet C; [35] does not converge. As for the structural
bondings and parameters, relative to CoBz™, the Co-C dis-
tance of COBZ; increases from 2.379 to 2.428 A due to an
albeit small repulsion of the Bz units and the Co atom is now
bonded with two ligands. For Co,Bz, », with the attachment
of an additional Bz unit, the Co-Co bond length of Co,Bz,
turns to be shorter than that of Co,Bz because the attachment
of a Bz ring leads to a loss of 3d electrons per Bz attached [38]
and thus reduces the repulsion of Co-Co.

Figure 2 shows the calculated vibrational spectra of the
four structures at the HF level with the main normal modes
characterized. Since Co is much heavier than C and H, except
for the region of 0-250 cm™! for Co-Bz vibrations, the IR
spectra patterns of the Co-Bz clusters are almost the same as
that of a Bz ring. Here a scaling factor of 0.823 for the basis
STO-3G is applied for the comparison. Clearly the four spec-
tra exhibit a similar feature with respect to the frequency val-
ues and relative infrared intensities of the main normal modes.
Especially, the eigenvalues of the following three modes for
benzene rings of these four structures, i.e., out of plane C-H
bending, carbon-ring distortion (C-C-C bend for CoBzzr ), and
C-H stretching, are in the region of 679-713, 1380-1395,
and 3050-3071 cm ™!, respectively. These values agree some-
how with the experimental values [58,59] of 673, 1486, and
3047.3 cm~ 1.

The low-lying ground and excited energy levels of the
four structures after the inclusion of SOC (and the external
magnetic field) are shown in Fig. 3, in which the initial and
final states involving in the spin dynamics to be discussed
later are marked. In each structure there are five lowest
triplet terms before the inclusion of SOC for each irreducible
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FIG. 3. Low-lying energy levels of the four structures after the
inclusion of SOC and the external magnetic field. The initial and
final states that involve in the spin dynamics to be discussed later are
marked.

representation being calculated, thus the number of triplet
states of each cluster shown in Fig. 3is 61 [i.e., 1 +5 x 4 x 3,
here 1 refers to one reference SAC singlet state, 5 means five
triplet terms, 4 denotes four irreducible representations for
symmetry C;,, and 3 is the number of states that each triplet
term splits into after SOC), 61, 61, and 121, respectively.
Five additional singlet terms for CoBz™ are included for the
purpose of illustrating the achieved spin-crossover dynamics
later, contributing another 20 singlet states to its level scheme
(green dotted lines in Fig. 3). The Cg, point group of the
second structure is reduced to its largest Abelian subgroup C,
in the SACCI calculation, thus four irreducible representations
are considered. Higher multiplicities (quintets, septets, etc.)
are not calculated since including them makes the computa-
tional cost much higher, while it does not bring any significant
improvement in the spin dynamics, as we know from previous
results.

Comparing the levels of the first and third structures and
the levels of the second and fourth structures in Fig. 3, one
can clearly notice that the level distribution of the Co,-Bzs
become denser in the low-energy range (e.g., below 2 eV)
than that of the corresponding cationic Co-Bzs. This is due
to the fact that an additional cobalt atom brings about more
electrons and thus stronger 3d electron correlations which,
in turn, produces more d-character states. On the other hand,
comparing the triplet levels of the first and second structures
and the levels of the third and fourth structures in Fig. 3,
we find that the charge-transfer states (which are located at
the high-energy region) of the Bz dimer clusters are more
and denser than that of the corresponding mono Bz ones. We
attribute it to the inductive-I effect of Bz since by attracting
more electrons from Co the addition of a Bz ring can give
rise to strong 3d-m electron interactions and thus induce more
charge-transfer (CT) states. Note that the inductive-/ effect
for the Bz ligands can be directly compared only for the two
neutral clusters Co,Bz (—0.566 on Bz, 0.237 on Col and
0.329 on Co2) and Co;Bz; (—0.574 in each Bz and 0.574 on
each Co). Clearly the charge density at the Co atoms increases
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with the addition of the second Bz. In the case of the charged
clusters CoBz" and CoBz; the redistribution of the charged
density due to the removed electron renders the Bz ligands
of the two clusters inequivalent, and thus their respective
inductive-1I effect not directly comparable.

According to these discussions, it is expected that, at least
for the same type of spin dynamics (e.g., spin-flip scenarios),
the laser energies for driving the spin dynamics in cationic
Co-Bzs will be higher than that for the corresponding Co,-
Bzs, and the laser energies for driving the spin dynamics in
Co-Bz half-sandwiches will be higher than that for corre-
sponding sandwichlike structures. Both of them are caused by
the possible involvement of higher-energy intermediate states
during the dynamics propagation, but with different origins:
substantial less d states for mono Co systems in the former
case and more CT states for Bz dimer systems in the latter
case.

Based on the high-level calculation of the ground and
excited states of these many-body systems, after the inclu-
sion of SOC and an external magnetic field, various ul-
trafast spin dynamics scenarios, including spin switching
(with respect to the flip of spin direction), spin-flip transfer
(with respect to the simultaneous change of spin localiza-
tion and spin orientation), and spin crossover (with respect
to the alteration of spin multiplicity) have been achieved
driven by various suitably well-tailored time-resolved laser
pulses. Note that the spin-flip and spin-transfer dynamics
is governed by the time-dependent coupling of the spins as
dictated by the Goodenough-Kanamori rules [60—62], which
are commonly employed to describe the preferred static fer-
romagnetic/antiferromagnetic coupling of two nearby mag-
netic centers coupled by the superexchange interaction. The
Goodenough-Kanamori rules are connected both to the global
symmetry of the molecule and the local symmetry of the
participating bonds. In the following we turn our attention to
describe these scenarios and reveal their underlying physics,
hoping to enrich our understanding of ultrafast magnetization
control in Co-Bz clusters and stimulate future experimental
efforts on their realization towards relevant spintronic appli-
cations.

IV. LASER-INDUCED ULTRAFAST SPIN DYNAMICS
A. Spin-flip scenarios

Figure 4 shows the spin-flip scenarios obtained in the four
structures, all of which complete within subpicoseconds with
high fidelity above 94%. The lower panel of each dynam-
ics depicts the switching of a certain spin component (x-
component spin for monobenzene clusters and z-component
spin for dibenzene clusters) after the influence of the laser
pulses. The detailed information of the initial and target states
(stemming from the same triplet term before the inclusion of
SOC) with opposite spin directions in each scenario, including
their energies, spin expectation values and spin localizations
is listed in Table I. It should be noted that normally the flip
scenarios exhibit symmetric behavior (as shown in Fig. 4) be-
cause the two branches of the A process (initial-intermediate
branch and intermediate-final branch) always have compara-

————— @)

I state 11 N
| Col)

state 12
[CoT)

Occupation
o O O
w o o

(89~ = (8" *+x(s,)

1000 -750 -500 -250 0

250 500 750 1000
c state 4 (b) state 5
S 1.2} [Col) [Co™)
© ™~ -~
g 0.8} \ s
S 0.4} state 59 "'“""'lh.".,.*h " state 61
e P
?8 - P e e —
. 06
(1)§ [ 50.4
Ol So.2
g)/: 0.4} 0g R
0.0 |—=0—0_—20l03) ooy =]
0.4} .
0.8 .
-1.2 (80~ = ~(8)-----" (s

-800 -600 -400 -200 O 200 400 600 800

< 0.9} state 15
Qo
S 06 _|002¢>

>
8 0.3}
o

0.0

1.2}
0.6}
~
©0.0
-0.6F

(9= = (s (s)
100 200 300 400

-400 -300 -200 -100 0
Cstate 1~~~ (d)

| Co2™)

Occupation

00__0 800(fs) 4
’

-
-
-

A0k

MO R s = () ()
'-%OO -600 -400 -200 O 200 400 600 800
Time (fs)

FIG. 4. Spin-flip processes in clusters CoBz' (a), CoBz (b),
Co,Bz (c¢), and Co,Bz, (d). For each scenario, the upper panel
depicts the occupation probabilities of the involved states (initial:
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the time-dependent expectation values of the spin components. The
intermediate states that show appreciable occupation during the prop-
agation are marked, and the inset gives the envelope of the optimized
laser pulse.
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TABLE I. Energies, spin expectation values, and spin density of the initial and final states in the ultrafast spin-flip, spin-flip-transfer, and

spin-crossover scenarios discussed in this paper.

Initial and Energy Spin density
Scenario Structure final states eV) (Sy) (Sy) (S;) (S) Col Co2
CoBz™" initial: state 11 1.254 —0.678 0 0 0.678 —1.958 -
final: state 12 1.256 0.678 0 0 0.678 1.958 -
CoBz; initial: state 4 1.103 0 0 —0.784 0.784 —1.930 -
Spin-flip final: state 5 1.105 0 0 0.784 0.784 1.930 -
Co,Bz initial: state 15 0.664 —0.931 0 0 0.931 —0.029 —1.969
final: state 17 0.665 0.931 0 0 0.931 0.029 1.969
Co,Bz, initial: state 1 0.000 0 0 —0.917 0.917 —0.972 —0.972
final: state 2 0.001 0 0 0.917 0.917 0.972 0.972
Spin-flip-transfer Co,Bz initial: state 17 0.665 0.931 0 0 0.931 0.029 1.969
final: state 23 1.599 —0.845 0 0 0.845 —1.941 —0.007
Spin-crossover CoBz™" initial: state 12 1.256 0.678 0 0 0.678 1.958 -
final: state 76 7.244 0 0 0 0 0 -

ble transition magnitudes due to the similar electronic proper-
ties of the initial and final states.

The related parameters of the driving laser pulses of the
above spin-flip scenarios are listed in Table II. By comparing
these parameters, we find that, at a cost of the relatively high
laser intensity (6.39 J s~! m~2), the time of achieved spin
switching process in Co,Bz is the shortest (around 300 fs)
and the corresponding required laser energy is the lowest
(1.62 eV) among the four flip scenarios, which can be at-
tributed to the involvement of only four intermediate states
with energies (0.386, 0.417, 0.674, and 2.138 eV, respectively)
nearby the initial and final states. Specifically, less interme-
diate states normally simplifies the dynamics and gives rises
to a clear-cut dynamic behavior and the lower energy of
intermediate states ensures a small laser detuning and thus a
small laser energy. This is also consistent with the aforehand
deduction about the lower laser energy required for driving
spin dynamics in systems with more Co atoms and less Bz
molecules. As for CoBzt, among 19 (ten singlets and nine
triplets) involved intermediate states, states 35 and 36 with
energies 4.4980 and 4.4983 eV contribute to the dynamics
appreciably with respect to their strong transition peaks [as
can be seen in the latter discussion of absorption spectra of
state 12 in Fig. 7(b)], and thus give a higher laser energy

2.98 eV (compared to that for Co,Bz). Here the inclusion
of singlets is because we find a spin-crossover scenario in
the extended singlet-triplet subspace and thus perform again
the switching dynamics using the same initial and final states
as we obtained in the triplet subspace to avoid two sets of
state notations. Actually, the involvement of singlets only
slightly affects the dynamic behavior and the laser parameters
(intensity, FWHM and energy), details can be found in the
Appendix.

For cluster CoBz] with less Co atoms and more Bz
molecules, its spin switching process, exhibiting a compli-
cated pattern, completes within 700 fs [as shown in Fig. 4(b)].
As speculated from the discussion of its level distribution
previously, the highest laser energy should be required. This is
confirmed by our results since out of the total 23 intermediate
states there are 16 being located at a high-energy region
of 5.8-7.29 eV, which naturally leads to the extraordinarily
highest laser energy (6.2 eV) among the four flip scenarios.
Different from the above three local flip scenarios, the flip
dynamics in Co,Bz,, however, is a global one since its two
cobalt centers are indistinguishable due to the high symmetry
Dy, In addition, the laser that drives a spin-flip scenario in
the structure with nonlocalized spin normally is less intense
compared to that for a structure with well-localized spin. This

TABLE II. The optimized parameters of the laser pulses for the achieved ultrafast spin scenarios. Here 6 and ¢ denote the angles of the
incidence in spherical coordinates, and y is the angle between the polarization of the light and the optical plane. FWHM is the full width at

half maximum of the laser pulse.

Laser parameters

Scenario Structure Prinal state 6 (deg) ¢ (deg) y (deg) Intensity (J s~! m™2) FWHM (fs) Energy (eV)
CoBz* 99.2% 66.2 209.0 331.1 1.05 500 2.98
Spin-flip CoBz; 94.2% 93.3 78.8 131.6 6.53 300 6.2
Co,Bz 95.8% 339.9 315.0 316.7 6.39 239 1.61
Co,Bz, 96.6% 285.4 46.8 354.4 0.81 465 2.6
Spin-flip-transfer Co,Bz 84.9% 70.0 229.4 118.2 0.17 119 0.91
Spin-crossover CoBz* 75.4% 113.0 320.9 89.4 6.57 258 2.96
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FIG. 5. Spin-flip-transfer scenario from Co2 to Col in the struc-
ture Co,Bz. The upper panel depicts the occupation probabilities
of the involved states (initial: dashed, final: solid, intermediate:
dotted), and the lower panel shows the time-dependent expectation
values of the spin components. The intermediate states which exhibit
appreciable occupation during the propagation are indicated, and the
inset shows the envelope of the optimized laser pulse.

can explain to some extent the lowest intensity of the fourth
dynamics scenario (see Table II).

As stated above, since the initial and final states of the
spin-flip dynamics are chosen as the ones splitting from
the same triplet term, the similar selection rules of the two
branches of the A process makes the dynamics relatively easy
and efficient. About this, some conclusive remarks have been
addressed in detail in our previous work [43,51,63]. However,
to satisfy the demands for certain industrial spintronic appli-
cations, the function of spin-flip manipulation is usually not
enough. Altering spin localizations from one magnetic center
to another center or changing spin state from high spin to
low spin (or vice versa), although challenging to achieve, is
particularly and urgently crucial, since this capability could
offer more flexibility of designing additional related all spin-
based functions that serve as promising building elements in
the construction of future integrated spin-logic devices and
quantum computer.

B. Spin-flip-transfer scenario

By choosing initial and final states with different spin
localizations and setting an appropriate range of the laser
parameters, we obtain a spin-flip-transfer scenario, i.e., a
simultaneous spin-flip and spin-transfer process, in Co,Bz,
as shown in Fig. 5. For the other three structures where spin
transfer cannot be performed, CoBz* and CoBz;L have only
one magnetic center, and Co,Bz,, as mentioned in the above
subsection, has a higher symmetry of Dy, and its two cobalt
atoms cannot be distinguished. According to Fig. 5, after
the influence of the laser pulses (the parameters of which
are listed in Table II), the initially occupied spin-up state,
i.e., state 17 with spin localization on Co2, is transferred to
the final spin-down state, i.e., state 23, the spin of which is
localized on Col, with a final occupation of 85%. The detailed
information of the initial and final state, including the energy,
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E=0.0488eV E=0.0496eV E=0.3551eV

FIG. 6. The main d-character molecular orbitals of the structure
Co,Bz that make appreciable contributions to the virtual excitations
for the initial and final states. The violet (dark) and orange (light)
isosurfaces of the wave functions represent positive and negative
values, respectively.

spin expectation values and spin localizations, is given in
Table I.

Before discussing the dynamics in detail, first we illustrate
the origin of different spin localizations of the initial and final
states. Figure 6 shows the main d-character molecular orbitals
(MOs) that make appreciable contributions to the virtual ex-
citations of the two states together with their orbital energies,
from which the distinct electron-cloud localizations of the two
magnetic atoms can be obviously noticed. As the initial state
in the spin-flip-transfer scenario, state 17 stems from the fifth
triplet term. Detailed analysis tells us there are three dominant
contributions to this state, which are a single excitation from
MO 35 (dy;) to MO 39 (dy») with coefficient 0.877, and
two double excitations, i.e., MO 38 (d,;) — MO 39 (d,»)
(o excitation), MO 34 (dyy) — MO 39 (d,») (B excitation)
with coefficient —0.433 and MO 36 (d,>—_.2) — MO 39 (d,»)
(o excitation), MO 35 (d,;) — MO 39 (d,») (B excitation)
with coefficient —0.415. Since all these relevant MOs show an
electron-cloud distribution (mainly) on Co2, one can roughly
deduce that spin is localized on the same magnetic center.
Indeed, after taking all the existing excitations into account
in our calculation, the final spin density of the three units
for this state is 0.029 on Col, 1.969 on Co2, 0.002 on Bz.
Similarly, state 23 comes from the eighth triplet term and the
largest contribution to this state is a single excitation from MO
28 (dy2_2) to MO 55(d.,) with coefficient —0.82, which both
exhibit electron-cloud localization on Col. Including all the
existing excitations we achieve a spin-density distribution of
—1.941 on Col, —0.007 on Co2, and —0.051 on Bz.

As can be seen in Fig. 5, the whole process exhibits a
noticeable oscillation behavior and completes within 300 fs. It
should be emphasized that, among all the scenarios discussed
in the paper, the laser intensity (0.17 J s~!m~2), FWHM
(119 fs), and energy (0.91 eV) of this spin-flip-transfer
dynamics are all the smallest (see Table II). We attribute
the easier dynamic feature to the originally allowed direct
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FIG. 7. Optical spectra of the initial and final states of (a) the
spin-flip-transfer scenario in Fig. 5 and (b) the spin-crossover sce-
nario in Fig. 8, respectively.

transition between the initial and final state and the small en-
ergy region (E,s — E13 = 1 eV) expanding by all the involved
total six intermediate states (i.e., states 13, 15, 18, 24, 25, and
26 with energies 0.659, 0.664, 0.674, 1.6, 1.657, and 1.658 eV,
respectively), to which the laser energy is almost resonant. As
for the first factor, we calculate the absorption spectra of the
initial and final states through the oscillator strength [42,43],
as shown in Fig. 7(a). The abscissa denotes energy difference
between the initial(/final) electronic state and other states,
ranging from a minimum value of — Ejpigay/final t0 @ maximum
value of Ehighest — Einitiavfinal- In this way, the spectra of the
two states can be compared directly since vertically the energy
differences of the initial and the final states correspond to the
same state. Clearly an allowed transition between them can be
easily observed from the peaks at energy difference 0.934 eV
(red dashed vertical line) for state 17 and —0.934 eV (black
dash-dotted vertical line) for state 23, respectively, indicating
their possible strong transferability. For such a direct transi-
tion, along with their several common peaks at lower energy
region (e.g., below 1 eV), the search for higher-lying inter-
mediate states can be automatically blocked by the selection
routine during the system evolution and thus a less intense and
lower-energy laser is adequate to fulfill the dynamics. Here a
common peak in the two spectra shows the existence of an

intermediate state coupling to both the initial and final states
with the same resonance energy. Obviously, as dictated by
the Goodenough-Kanamori rules, a simultaneous spin flip and
transfer is much favored (cf. the laser parameters in Table II)
if the two magnetic centers are antiferromagnetically coupled.

C. Spin-crossover scenario

Spin crossover, known as spin state transition between high
spin (HS) and low spin (LS), has been investigated extensively
due to its potential applications in various fields, such as
molecular electronics, data storage, and display/switch de-
vices [64,65]. It usually occurs in the transition metal-based
molecular complexes exhibiting bistability of HS and LS
configurations due to competition between the Pauli exclu-
sion principle and the crystal field energy [66]. The external
stimuli that induce such a phenomenon can be temperature,
pressure, magnetic field, or emitting light [66—70]. Recently,
ultrafast spin crossover has been observed in an unusual
cationic cobalt-complex using femtosecond electronic and IR-
vibrational (infrared) transient absorption spectroscopy [71],
in which the very efficient coupling between the LS and
HS states is attributed to the special situation that the Coy
complex is coordinated to a r-radical ligand. For the Co-Bz
systems, which also exhibit strong 3d-7 interaction, such dy-
namics is promising to realize but in fact is quite challenging
in our first-principle study. The difficulty lies in the fact that
the transition between the initial and final states with different
multiplicities (here singlets and triplets) is spin forbidden
according to the selection rules. It only becomes allowed when
low-lying d states with different multiplicities get mixed due
to the inclusion of SOC.

After numerous trials and great efforts devoted to the
four structures, we finally obtain a spin-crossover scenario in
CoBz", as shown in Fig. 8(a). The whole process completes
within around 600 fs with triplet state 12 and singlet state
76 as the initial and final state, respectively. The detailed
information of the two states and the driving laser parameters
for this dynamics can be found in Tables I and II, respec-
tively. From the time-resolved occupation probabilities of the
involved states [the upper panel of Fig. 8(a)], one can see
that, after the influence of the laser pulses, the system ends
at a linear combination of state 76 (i.e., the final state, with
occupation 75%), state 11 (with occupation 19%), and the
initial state (with probability 5%).

Inspecting the dynamic pattern we find there are mainly
four couples of competing occupations (i.e., states 12 vs 11,
states 11 vs 35, states 35 vs 13, and states 13 vs 76) during
the whole scenario. Detailed analysis shows that the transfer
pathway of the maximum population Pp,x of these states takes
the form of a upward tilted W process, as depicted in Fig. 8(b),
in which the involved states, their energies, spin multiplicities,
and maximum transient occupations during the involution are
indicated. Comparing with Fig. 8(a), we see that as soon
as the laser is applied, state 11 dominates with a maximum
occupation of 55% through a spin-flip-like dynamics via the A
process (since a direct transition between state 12 and 11 is not
or only weakly allowed due to the selection rule). Then, with
the gradual involvement of other intermediate states, state 35
begins to prevail with a maximum occupation of 52% after
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FIG. 8. (a) Spin-crossover scenario from triplet state (state 12,
dashed black) to singlet state (state 76, red solid) in the structure
CoBz™. The mainly involved intermediate states with relatively high
occupation during the propagation are indicated. (b) Schematic rep-
resentation of the population transfer pathway of the main involved
states during the whole dynamics process. The energies (in eV),
multiplicities, and maximal transient occupation (Pp,.x) of them are
marked.

14 Rabi cycles between states 11 and 12. As stated previously
in the analysis of the spin-switching dynamics in Fig. 4(a), one
can find state 35 also contributes appreciably to the transition
from state 12 to state 11, and this to some extent explains the
appearance of many Rabi cycles between them. Here these
three states are all triplet states before the inclusion of SOC.
In the latter part of the dynamics, the singlet states come to
take superior occupations. Specifically, competing with the
occupation of state 35, the Pp,x of singlet state 13 gradually
goes up and reaches a maximum value of 73%, and then an
even higher occupation of the final state 76 with the final
occupation 75% takes over via a two-photon E process (since
the energy difference of the last pathway is about twice of the
laser energy). Such a multistepped W process facilitated dy-
namics, although complicated in behavior, induces a smaller
laser detuning (thus a relatively low required laser energy
2.96 eV) than that of a normal A process. However, due to the
difficulty to realize transitions between singlets and triplets,
the intensity of the laser is relatively large (6.57 J s~ m™2).
It should be emphasized that this W-type pathway of Pyax of
the involved states does not represent the time sequence of
their participation during the whole spin-crossover scenario,

and each path is not a simple direct transition between the
states at its ends but a cooperative effect of all the involved,
indispensable states.

In addition, depending on which way the six d electrons
occupy the five nondegenerate orbitals caused by the C5, sym-
metry of the system, the spin configuration can be either triplet
or singlet [see Fig. 8(b)]. Here, with one electron missing in
the cationic cluster, we consider six localized d electrons left
for determining the spin state. The delocalized m electrons of
Bz are usually paired and thus not relevant for spin. This is
different from the charge density distribution as we discussed
in Sec. III, for which the electron cloud is dispersed on both
of the metal and ligand entities (Co: —0.249, Bz: —0.751),
indicating an obvious separation of spin and charge.

The feasibility of this dynamics can be explained by the
absorption spectra of the initial and final states [as shown in
Fig. 7(b)]. From the spectra, one can clearly see there is no
direct transition between states 12 and 76 since no peaks at
energy positions of 5.599 eV for state 12 and —5.599 eV for
state 76 are found, which reflects the spin-forbidden prop-
erty of the singlet-triplet transition. However, their transition
channel becomes open due to the involvement of the spin-
mixed intermediate states. For example, four out of eight
intermediate states, i.e., 34 (4.469 eV), 35 (4.498 eV), 36
(4.4983 eV), and 40 (4.582 eV), have both allowed transitions
with states 12 and 76, which can be clearly seen from their
common peaks around 4.5 eV (dashed frame) in Fig. 7(b).

V. SUMMARY

In summary, within the framework of a first-principles
quantum chemistry method, we explore the structural,
vibrational, energetic properties of cobalt-benzene clusters
CoBz™, Cosz, Co,Bz, Co,Bz,, as well as their ultrafast
laser-induced spin control. The four optimized structures
are found to take the form of half-sandwich or sandwich
geometries with multiplicity 3. The comparison and analysis
of their conformations and vibrational spectra are performed,
showing decent consistency with other theoretical and ex-
perimental work. Using the SACCI method, we calculate the
structural-dependent ground and excited energy levels. They
exhibit distinct distribution features as a result of different d-
interactions and electron configurations, which intrinsically
leads to different spin dynamics with respect to the functional
type, dynamic behavior and required laser parameters. To be
specific, ultrafast spin-flip scenarios are realized in all four
structures driven by different sets of laser pulses, while a
spin-flip-transfer process and a novel spin-crossover process
are only achieved in Co2Bz and CoBz*, respectively. The
latter two scenarios are remarkable: One is the fastest one
found and also necessitates the lowest laser energy. The other
follows a tilted-W path, which is the combination of two two-
photon processes (A and E) and two one-photon processes
(direct transitions). All these processes can be essential for
designing cooperative all-spin based functionality by proper
arrangement. In addition, the optical spectra of the corre-
sponding initial and final states are also discussed in order
to understand the transferability of the two processes. All
these theoretical predictions are expected to provide a deep
insight into the ultrafast spin dynamics in metal-ligand (half-)
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sandwich clusters, promote their experimental realization,
and step towards future device applications.
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APPENDIX

As stated in Sec. IV A for the spin-flip scenario in the struc-
ture CoBz™, the involvement of singlets does only slightly af-
fect the dynamic behavior and the laser parameters (intensity,
FWHM and energy). Here a flip scenario with an occupation
probability of 98.9% is achieved in the triplet subspace, as
shown in Fig. 9. The initial and final states are the same as
in Fig. 4(a) since in the singlet-triplet subspace there are no
singlet states below them. In this scenario, it is found that
the number of the involved intermediate states is 3, and the
parameters of the optimized laser pulse are: 6 = 258.3°, ¢ =
10.6°, y = 165.4°, Intensity = 1.051 J s~' m—2, FWHM =
500 fs, Ejaser = 2.97 eV. By comparing Figs. 4(a) and 9, one
can clearly see, although ten singlets (along with additional
six triplet states) are involved in the former scenario, their

CoBz"
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FIG. 9. Spin-flip process in clusters CoBz" within the triplet
subspace.

dynamic behavior, laser intensity, FWHM, and laser energy
(see Table II) are almost the same. The only noticeable change
is the laser orientation, however, when considering the C,
symmetry of the structure, these two sets of laser angles are
nearly equivalent. Thus it can be deduced that the spin-flip
scenarios with the same initial and final states obtained in
triplet subspace and singlet-triplet subspace usually exhibit
the same feature. This is also the reason why we prefer to
perform and discuss our dynamics in triplet subspace first and
would extend to multiple subspace only when new types of
spin scenarios are found there.
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