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Using high-level quantum chemistry calculations, we predict various ultrafast laser-induced spin dynamics
scenarios in clusters Fe,,Bz, (m, n = 1, 2) based on the nonadiabatic A process—an indirect transition channel
from the initial state to the final state through the participation of several spin-mixed intermediate states. The
geometry-dependent electronic structures of the four clusters are found to exhibit distinct characteristics, and
prove to strongly affect the laser parameters and dynamical behavior of the spin-flip scenarios. For the two
Fe-dimer clusters, a charge-transfer state involving spin-transfer scenario is achieved in Fe,Bz, which turns to
be much faster than the ordinary one obtained in Fe,Bz,, and thus is considered to be promising for future
spintronics applications. Furthermore, to provide valuable information for the measurement and implementation
of the ultrafast magnetism response, the effects of the full width at half maximum (FWHM) of the laser pulse
and the magnitude of the external magnetic field on the proposed spin scenarios are investigated. The analysis of
the stability and sensitivity of each scenario shows that the spin-transfer scenarios have smaller tolerance values
than spin-flip scenarios with respect to the laser FWHM, and a desired spin scenario is only possible when the
magnetic field strength lies in a moderate region. The latter effect enables us to obtain the lateral resolution of the
device sample for its possible memory usage and to reach the complementary metal oxide semiconductor scale,
beyond the optical resolution limit. All the results in this paper contribute a further step toward the experimental

realization of our spin dynamics and their future nanospintronics applications.
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I. INTRODUCTION

With the miniaturization of spintronics devices for high-
density magnetic storage, the sizes of many systems have
been reduced to molecular/atomic scale [1]. In this limit,
benefitting from the quantum effects of the static and dynamic
magnetic properties and the preservation of spin-coherence
time [2], several molecular nanomagnets and spin-based quan-
tum gates as well as their feasibility in quantum computing
have been proposed [3-7]. Meanwhile, to meet the increasing
demand for high-speed magnetic recording and information
precessing, a variety of investigations on the laser-induced
ultrafast spin dynamics, motivated by the observation of the
demagnetization of ferromagnetic Ni within 2 ps in 1996 [8],
have been reported [9-20]. Combining these two aspects, in
attempts to realize ultrafast spin-based nanologic elements
for constructing future molecular computers, the search for
suitable molecular materials with the desired functionalities
becomes a timely and appealing issue.

Since the discovery of ferrocene in the 1950s [21], iron-
benzene (Fe-Bz) complexes have been investigated inten-
sively due to their unique physical and chemical features in
catalytic and biological processes, among which the (half-)
sandwichlike species are of particular interest. Numerous

*jinwei@snnu.edu.cn
flefkidis @physik.uni-kl.de

2469-9950/2019/99(13)/134430(11)

134430-1

experimental works [22-29] concerning their synthesis by
use of the laser vaporization techniques and characterization
by adopting the mass spectrometry and photo-dissociation/-
ionization/-electron spectroscopy have been performed. On
the theory side, considerable (common) density-functional-
theory-based investigations [25,27,29-34] on the geometric,
energetic, electronic, vibrational, and magnetic properties of
these organometallic complexes have been reported succes-
sively. Especially, by elucidating the fundamental interac-
tions between the w — cloud and the 3d electrons that are
responsible for different magnetism features, these gas phase
(half-)sandwichlike Fe-Bz clusters can serve as prototypical
systems for investigating more realistic complicated Fe-Bz
complexes [35] and extended Fe-Bz-based structures (such as
the systems adsorbing iron on/in coronene [29,36,37], pyrene
[29,38], graphene [39,40], C¢o [24,36,41], and nanotube [42]),
which are all technologically possible at present stage, thus
bringing them closer to experimental realization. With respect
to device applications, it has been demonstrated that robust
and easy-to-prepare carbon-based substrates are well suited
to adsorb transition metal (TM) dimers for the purpose of
high-density magnetic recording [31]. Some one-dimensional
TM-Bz sandwich polymers [43—45] (like V-Bz and Mn-Bz
wires) are suggested to be ideal materials for promising spin-
polarized transport since they exhibit half metallicity (one
spin channel is metallic while the opposite spin channel is
insulating) and the spin filter effect.
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In this paper, we present the ab initio investigation of
the laser-induced ultrafast spin dynamics in clusters Fe,,Bz,
(m,n =1, 2), the existence of which has been verified by
experiment [26,28]), and the corresponding parameter effects
on them. By exploring controllable ultrafast spin manipulation
via the A process [46] in these four systems, we achieve vari-
ous spin-flip scenarios and two special spin-transfer scenarios
[a charge-transfer (CT) state involving one and a reversible
one]. Here, as an indirect optical transition channel which
consists of the excitation of the system from the initial state
to the intermediate states by absorbing an incident photon
and the successive de-excitation from the intermediate states
to the final state by emitting a photon, the two-photon A
process is typically orders of magnitude faster than the direct
transition. This is especially the case for initial and final states
with opposite spin directions, in which situation the direct
transition is spin forbidden. The types of spin functionality
are identified by the different magnetic properties of the initial
and final states, e.g., spin flip for these two states possessing
opposite spin directions and spin transfer for them having
different spin localizations. These predictions are of signifi-
cant interest and necessity because they can stimulate relevant
experimental efforts and offer guidance for designing related
spin functionality for future integrated spin-logic devices and
quantum computers.

As extending systems of Co,,Bz{™? (m,n = 1,2) [47],
here we are not limited to just repeat the same kind of
calculation for different structures and explore their unique
electronic and magnetic properties, but also expect to establish
systematic insights on the ultrafast spin dynamics of the
TM-Bz systems through the investigation and step further to
study the laser and magnetic field effects on spin dynamics
for their future realization and promising applications. It
has been reported in our earlier paper that iron centers are
easier and more effective than Co to realize spin flip [48],
while for spin transfer, homonuclear iron-oxide clusters are
found to be more suitable than the corresponding cobalt ones
since they are usually of lower symmetries [49] and thus
are more likely to possess states with distinguishable spin
localizations. As we will see later in this paper, except for
Fe,Bz, the other three clusters have lower symmetries than
their corresponding cobalt clusters. Concerning the function-
ality, all four spin-flip scenarios achieved in Fe, Bz, (m,n =
1,2) (for which the effects of the TM atom and the Bz
molecule on the level distributions and on the laser energies
are similar to those in Co-Bzs) are reversible due to their
clear-cut dynamical behavior, while only the flip dynamics
in CopBz, ; is reversible. Spin crossover has not been found
in Fe-Bzs. However, a spin-transfer scenario involving CT
states, as well as a reversible spin transfer are achieved in
Fe,;Bz and Fe,;Bz,, respectively, neither of which is realized
in Co,Bz. These somewhat consistent but mainly distinct
results suggest that the Fe-Bz systems are good candidates
for the further revelation of the underlying ultrafast spin
control in TM-Bz systems and for the subsequent investi-
gation of the laser effect to compare spin-flip and -transfer
scenarios and to guide their experimental implementation.
With only one transfer process achieved, the Co-Bz systems
are insufficient to give convincing remarks for the latter
objective.

laser pulse
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inhomogeneous magnetic field

FIG. 1. Illustration of the magnetic field addressing. Within the
same laser spot, the molecular ultrafast spin responses, obtained
based on our two-photon A process, are dependent on the magnetic
field strength. Thus, by applying an inhomogeneous magnetic field,
the lateral resolution of the device sample can be obtained and
utilized for the possible memory application.

Besides, the study of the magnetic field effect (B effect)
is of strong promise due to its relevance in data storage and
processing utilization. More specifically, as the spintronic
devices are downsized to nanoscale, the spatial resolution
becomes the main factor that hinders its practical applications.
Since the magnetic field strength is one of the parameters that
affects the fidelity of the laser-driven ultrafast spin dynamics
achieved in this paper, we can exploit the B effect on certain
spin dynamics and convert it to a lateral resolution of our
spin process, through the introduction of an inhomogeneous
magnetic field. As illustrated in Fig.1, when applying a
nonuniform magnetic field (instead of a uniform one which
induces the same magnetization change everywhere) on a
sample surface made of homogeneous Fe-Bz molecules, dif-
ferent locations (within the same laser spot) may have distinct
spin responses (e.g., whether a spin-flip/-transfer process with
desired fidelity is realized). Thus, from the magnetic-field
values, one can distinguish the active region where an ultra-
fast magnetization change occurs from its surroundings, and
obtain spatial resolution of a device volume for precise high-
density storage and possible memory applications, which go
beyond the optical resolution limit.

The organization of the paper is as follows. Section II
introduces the computational method. The structures and elec-
tronic structures of the four systems are given in Sec. IIL.
In Sec. IV, our main results are presented and discussed:
First, some selective results of the achieved ultrafast dy-
namics (Sec. IV A), followed by the effects of laser FWHM
(Sec. IVB) and B field (Sec. IV C). A summary is given in
Sec. V.

II. THEORY AND METHODS

For the first-principles study of our ultrafast spin dynamics,
we start from the restricted Hartree-Fock (HF) calculation
(to avoid spin contamination) for geometric optimization and
infrared spectra by using the GAUSSIAN 16 package [50].
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At this level, normally the threshold values of 4.5 x 10~
and 3.0 x 10~* Hartree/Bohr for the maximum component of
the force and the root-mean-square (RMS) of the forces are
chosen, respectively. Whenever small imaginary frequencies
appear, even stricter criteria (i.e., with the values of 2 x 10
and 1.0 x 10~® Hartree/Bohr, respectively) are applied. The
convergence criterion of the self-consistent field procedure is
set to 108, which in turn, means that the RMS change and the
maximum density matrix change are less than 10~% and 107°,
respectively, and the change value of energy is less than 1076
Hartree. Note that for the values of bond lengths in Angstrém
and energies (or energy differences) in eV to be shown in the
later part of this paper, the formats of the truncated five and
four digits (which are just enough to distinguish the respective
differences between different bonds and between different
states) are chosen, respectively.

Based on the single-determinantal solution of the
Schrodinger equation, we subsequently apply the symmetry-
adapted cluster configuration interaction (SACCI) method
[51] for the purpose of a more accurate description of the elec-
tronic structure of the system. At this step, by taking various
multiple virtual excitations between molecular orbitals into
account, the many-body ground and various excited electronic
states (which are different superpositions of the many-body
wave-function configurations with different coefficient sets
determined by the variational method) are obtained. In this
way, both static and dynamic correlations are nicely included.
Both of them are crucial and well suited to describe laser-
induced femtosecond dynamics since the former ones play a
significant role in magnetization and the latter ones determine
the optical activity of the system [52-54].

For the dynamical part, to distinguish between‘“‘spin-up”
and “spin-down” states and to produce spin-mixed interme-
diate states that enable the indirect transition between the
initial and final states as required by the A process, a static
external magnetic field (with a strength of 10~> atomic units,
which proves to be a suitable value for producing appropriate
Zeeman splittings, and for efficiently achieving the desired
dynamics in our previous work) and the spin-orbit coupling
(for which the two-electron contributions are accounted for
by the effective nuclear charges) are perturbatively added.
Then, under the influence of the well-tailored laser pulse, the
time evolution of the system, described by a set of coupled
differential equations, is solved with the fifth-order Runge-
Kutta method with Cash-Karp adaptive step size [55]. Dur-
ing this procedure, a specially developed genetic algorithm
[56] is applied to optimize the laser pulses and efficiently
get the desired spin scenario. More details can be found in
Refs. [48,49,57].

III. STRUCTURES AND ENERGY LEVELS

The four optimized structures at the HF level are shown
in Fig.2, in which their symmetries and spin multiplicities
are indicated. Considering the balance between calculation
cost and accuracy for such strongly correlated systems, we
choose the Lanl2dz basis set for the Fe atom and STO-3G
for the C and H atoms as a compromise. In each opti-
mization, several candidate structures were fully optimized
(without imposing symmetry constraints) under different spin
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FIG. 2. The optimized geometries of FeBz, FeBz,, Fe,Bz,
Fe,Bz, as well as their symmetries and spin multiplicities.

multiplicities, and subsequent harmonic frequency approxi-
mation calculations were performed to confirm that the op-
timized geometry corresponds to a minimum. It turns out that
the ground-state geometries of all four structures take the form
of triplet half-sandwich or sandwich type, with the symme-
tries of Cy, Cyy, Cyy, and Cg, respectively. Clearly, except for
Fe,Bz, the other three clusters have lower symmetries than the
corresponding Co-Bzs [47] resulting from the unique nature
of Fe. This finding is consistent with the statement that iron
oxides are lower in symmetry than the corresponding cobalt-
oxides in Ref. [49]. Details concerning the comparisons of
ground-state structures with other work and the analysis of the
structural parameters and some vibrational modes are given in
the Appendix.

The lowest 91 ground and excited energy levels of the four
structures after the inclusion of SOC and external magnetic
field are shown in Fig. 3, in which the initial and final states
that involve the spin dynamics to be discussed later are
marked. Comparing the four electronic structures in Fig. 3, we
find that with an additional Fe atom the d states (e.g., below
1.5 eV) of the Fe dimer clusters (i.e., Fe,Bz and Fe,Bz,) are
more than that of the respective FeBz and FeBz, clusters,
and with an additional Bz molecule the high-lying CT states
(e.g., above 2 eV) of FeBz, and Fe,;Bz, are more than that
of the respective mono Bz clusters (i.e., FeBz and Fe,;Bz).
This is consistent with the findings in Ref. [47]. We attribute
them to the stronger 3d electron correlations introduced by the
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FIG. 3. Low-lying energy levels of the four structures obtained
from the SACCI method. The initial and final states that involve the
spin dynamics to be discussed later are marked.

additional Fe atom and the inductive-I effect of Bz that gives
rise to stronger 3d-m electron interactions, respectively. The
latter effect can be obviously noticed from the ground-state
Mulliken atomic charge-density values of the clusters FeBz
(=0.52 in Bz, 0.52 in Fe, as listed in Table I) and FeBz,
(—0.32 in Bzl, —0.32 in Bz2, and 0.64 in Fe, as listed in
Table 1) and those of the clusters Fe,Bz (—0.59 in Bz, 0.20
in Fel, and 0.40 in Fe2) and Fe,Bz, (—0.58 in Bz1l, —0.57
in Bz2, 0.32 in Fel, and 0.83 in Fe2). In both cases, the
charge-density values for Fe atoms increase, resulting from
the attraction of electrons by the additional Bz. Similar to
the cases of Co,Bz{™/? (m,n = 1,2) [47], the distinct level
distributions of the four structures would induce different
dynamics behavior and laser parameters. At least for the same
type of spin-dynamics (e.g., spin-flip scenario), it can be
speculated that most probably the laser energies for driving
the spin dynamics in Fe-Bzs will be higher than that for the
corresponding Fe,-Bzs, and the laser energies for driving the

spin dynamics in Fe, Bz half sandwiches will be lower than
that for corresponding sandwichlike structures Fe; ,Bz,.

IV. LASER-INDUCED ULTRAFAST SPIN DYNAMICS

A. Spin-flip and -transfer scenarios

By choosing appropriate initial and final states under dif-
ferent sets of laser parameters, spin-flip scenarios, with final
occupation of the target state (i.e., fidelity) 98.8%, 97.0%,
98.6%, and 98.7%, respectively, are all achieved in the four
structures. The information of the initial and final states (of
which the energetic positions are marked in Fig. 3), includ-
ing their energies, spin expectation values, spin density, and
charge density is listed in Table I. Depending on the directions
of the external magnetic fields, as shown in Table I, the
x—, z—, z—, and y — component of the spin gets flipped,
respectively. Consistent with other flip dynamics achieved in
our previous work, all four flip scenarios exhibit symmetric
behavior resulting from the fact that the two branches of
the A process always have comparable transition magni-
tudes due to the similar electronic properties of the initial
and final states. Here, considering the fact that there are
no novel features in the dynamics behavior for the obtained
spin-flip scenarios and extensively related conclusive remarks
have been addressed in our previous papers [40,47,49], they
are not shown in this paper. It should be noted that, due
to the higher symmetries of the clusters FeBz, and Fe,;Bz,
there are actually 121 states calculated for spin dynamics. The
lowest 91 of them in Fig.3 are only shown for comparison
reason.

The corresponding optimized laser parameters are listed
in Table II. As surmised from the discussion of the level
distributions in the last subsection, with more Bzs, the laser
energies for driving spin-flip scenarios in FeBz, (2.465 eV)
and Fe,Bz, (1.158 eV) are, respectively, higher than that for
FeBz (0.195 eV) and Fe,Bz (0.626 eV). Naturally, it is the
cluster FeBz, with fewer Fe atoms and more Bz molecules
that requires the highest laser energy for driving its spin-flip

TABLE I. Direction of the external magnetic field and information of the initial and final states (including their energies, spin expectation
values, spin density, and charge density) for the spin scenarios discussed in this paper. Here Bz1 and Bz2 refer to the bottom and upper benzene

rings, respectively.

Initial and  Energy Spin density Charge density
Structure Scenario final states V) (Sy) (Sy) (S,) Fel Fe2 Fel Fe2 Bzl Bz2
FeBz flip state 1 0.000 —0.90 0.00 0.00 —-1.96 - 0.52 - —0.52 -
(B:6=90°¢ =0°) state 2 0.001 0.90 0.00 0.00 1.96 - 0.52 - —0.52 -
FeBz, flip state 1 0.000 0.00 0.00 —-0.71 —1.96 - 0.64 - —-032 -0.32
B:6=0°¢ =90 state 3 0.001 0.00 0 0.71 1.96 - 0.64 - —-0.32 —-0.32
() flip state 10 0.563 0.00 0.00 —-0.83 —-027 -—-1.73 0.08 049 —-0.57 -
B:6=0°¢ =90°) state 12 0.564 0 0.00 0.83 0.27 1.73  0.08 049 —-0.57 -
Fe,Bz (ii) transfer state 12 0.564 0.00 0.00 0.83 0.27 1.73  0.08 049 —0.57 -
B:6=0°¢ =90°) state 23 1.005 0 0 0.72 200 —-0.06 030 030 —-0.61 -
(i) flip state 4 0.561 —-0.12 -0.73 0.00 —-003 —-194 048 070 -0.61 —0.58
(B: 6 =90°, ¢ =90°) state 6 0562 —0.12 0.71 0.00 0.03 194 048 070 —-0.61 —0.58
Fe,Bz, (ii) transfer state 18 1.177  —0.03 0.20 0.65 0.08 1.86 055 061 —-0.61 —0.55
(B: 60 =45°, ¢ =90°) state 21 1.197 0.06 0.73 0.03 1.81 0.09 056 063 -059 —0.60
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TABLE II. The optimized parameters of the laser pulses for the achieved ultrafast spin scenarios. Here, 8 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

Structure Scenario Fidelity 6(°) ¢ () y(°) Intensity FWHM(fs) Energy(eV)
Js'm™2)

FeBz flip 98.8% 227.7 348.4 144.3 7.82 500 0.195

FeBz, flip 97.0% 45.0 15.1 310.7 2.37 500 2.465

Fe,Bz (i) flip 98.6% 17.2 167.2 213.9 0.14 94 0.626
(ii)transfer 86.7% 211.1 138.7 189.7 0.14 158 0.594

Fe,Bz, (i) flip 98.7% 211.8 284.0 32.7 0.14 226 1.158
(ii) transfer 84.1% 90.1 58.8 189.0 2.35 594 2.185

scenario due to its fewer d states and more CT states. Detailed
analysis shows that there are 21 intermediate states involved,
which is the largest number among all the spin scenarios in
this paper. These are consistent with the findings for Co-Bz
clusters [47]. One exception is that, instead of Fe,Bz, which
has more d states, it is the cluster FeBz that requires the lowest
laser energy for flipping spin. The reason is that the initial
and final states for spin flip in FeBz are the ground states,
nearby which are intensive candidate intermediate states. It
shows that there are only three intermediate states (states
9, 10, and 11 with energies 0.179, 0.206, and 0.207 eV,
respectively) involved in this scenario, leading to a small
laser energy 0.195 eV (which is nearly resonant to the energy
difference between the initial/final state and the highest-lying
involved intermediate state). While for the flip scenario in
Fe,Bz, with states 10 and 12 being the initial and final states,
respectively, only three intermediate states (i.e., states 1, 2,
and 11, with energies 0, 0.0003, and 0.564 eV, respectively)
are involved. The energy difference between initial /final and
the lowest intermediate states is larger, thus causing a higher
laser energy.

Interestingly, it is found that, for each flip scenario, by
exchanging the initial and final states and using the same
optimized laser parameters, an almost equivalent fidelity of
the process can also be achieved. The first reason for this
reversibility can be ascribed to the easiest and most efficient
nature of Fe atoms with respect to the ultrafast magnetiza-
tion control as stated in Ref. [48]. As shown in this study,
the four flip scenarios achieved in Fe-Bzs all require lower
laser energies but with higher fidelity values, compared to
the corresponding ones in Co-Bzs [47]. The other one is
due to the symmetric features of the flip scenarios since
their quasidegenerate initial and final states originating from
the same triplet term normally ensure the similar transition
properties of the two branches (initial-intermediate branch and
intermediate-final branch) of the A process. Under the influ-
ence of the same laser parameters, the originally similar tran-
sition magnitudes and dynamics behavior with time involution
as well as the high fidelity achieved of the scenario makes the
system easily go backward. However, for Co-Bz systems [47],
our present study shows that only two flip scenarios in Co,Bz
and Co,Bz, are reversible, due to the smaller number of inter-
mediate states involved and the relatively simpler dynamical
behavior.

In addition, spin-transfer scenarios with fidelity 86.7% and
84.1% on the two Fe dimer clusters are also achieved, as
shown in Fig. 4. The information of the corresponding initial
and final states and the optimized laser parameters can be seen
in Tables I and II, respectively. For the first transfer scenario
[Fig. 4(a)], detailed inspection shows that it does not only alter
spin localization from Fe2 to Fel, but also shifts electron
density from Fel to Fe2, in the opposite direction of the spin
transfer. Here, an noticeable increase of the charge density
on Fel can be observed when comparing the charge-density
values of states 12 and 23 in Table I, indicating there is a
loss of electrons on this atom. This simultaneous charge and
spin density transfer is quite promising for future spintronics
applications. For the second laser-driven transfer scenario
[Fig.4(b)], with a B field along the direction of the angle
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FIG. 4. Spin-transfer scenarios in clusters (a) Fe,Bz and
(b) Fe,Bz,, respectively. For each scenario, the main panel depicts
the time-resolved occupation of the involved states (initial: dashed,
final: solid, intermediate: others), and the inset one shows the
envelope of the optimized laser pulse.
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FIG. 5. The FWHM effect on the six spin scenarios discussed in this paper. (a)—(d) give the FWHM-dependent final occupation of the
involved states of the spin-flip processes in FeBz, FeBz,, Fe,Bz, and Fe,Bz,, respectively, and (e) and (f) show the FWHM-dependent final
occupation of the involved states of the spin-transfer processes in Fe,Bz and Fe,Bz,, respectively. In each subfigure, the lines connected by
solid circles and diamonds represent the change trends of the initial and final states, respectively, and others denote the FWHM-dependent final
occupation of some selected intermediate states which show noticeable occupation during the spin dynamics. The vertical dashed lines denote

the optimized pulse durations (FWHMg).

bisector of the y — z plane (i.e., § = 45°, ¢ = 90°), the y— and
z— spin components of the system are exchanged. In addition,
this transfer scenario is found to be reversible, i.e., under the
influence of the same laser parameters, the initially occupied
state 21 can be transferred to the finally occupied state 18 with
occupation of 83.2%, analogous to the “toggle” switching in
the ferrimagnetic alloy GdFeCo [11]. The reversibility can be
traced back to the closely lying initial and final states which
enable the intermediate states to be both optically accessible
from them in a balanced manner (based on the fact that the
total 23 intermediate states involved in the reversed scenario
are exactly the same as the ones in the original scenario) and
the almost symmetric behavior of the original dynamics with
respect to the time inversion [as can be seen in Fig.4(b)].
While for the scenario Fig.4(a) in which the energetically
distant initial and final states stem from different triplet terms,
the relative low fidelity and asymmetric dynamics behavior
indicate the unbalanced branches of the A process and thus
result in its irreversibility. Another difference between the two
transfer scenarios lies in the dynamics timescales. The time
duration required by the scenario shown in Fig. 4(a) to realize
the CT states involving spin transfer is around 500 fs, which is
much faster than that (around 2000 fs) required by Fig. 4(b).
This is expected since the CT excitations are normally faster
than the dd transitions.

B. Effect of laser FWHM on ultrafast spin dynamics

To offer further guidance for experimental implementation,
it is important to examine the influence of the the laser

parameters on the achieved spin scenarios. The effects of laser
detuning (i.e., the deviation from the resonant laser energy)
and angle resolution (i.e., the deviation from the optimized
laser orientations) have been investigated in our previous
papers [53,58,59]. It has been shown that the laser pulse
duration has a substantial effect on the correlation between the
magnetic and optical responses for femtosecond magnetism
[60]. Thus, it is of necessity for us to go further to study
the FWHM effect on the aforementioned six spin scenarios,
aiming at assessing their experimental adaptability and thus
providing closer connections to experiments.

The change trends of the dynamics fidelity when the
laser FWHM deviates from their respective resonant FWHM
(FWHMpg, marked with black dashed lines) while keeping
other laser parameters (i.e., angles, intensity, and energy) fixed
are shown in Fig.5. Here, as can be seen from Table II,
the FWHMp values of the four spin-flip scenarios and two
transfer scenarios are 500, 500, 94, 226, 158, and 594 fs,
respectively. Clearly, in each case, a deviation from FWHMg
within a moderate range always causes a decrease of the
fidelity. If the occupation of the final state for each scenario
above 75% is considered to be acceptable, then the dynam-
ics tolerances (i.e., the FWHM differences with respect to
FWHMg) of laser FWHM are about 125(1)/—(r), 151(1)/—
(r), 32(1)/29(r), and 78(1)/60(r), 4(1)/4(r), and 6(/)/22(r) fs,
respectively, suggesting that spin-transfer scenarios are more
sensitive to FWHM than flip scenarios and thus more difficult
to be realized in experiment when there is a FWHM deviation.
Here the letter [ in the parentheses is the abbreviation for
direction left, and r denotes right direction.
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FIG. 6. The magnetic field effects on the six spin scenarios discussed in this manuscript. (a)—(d) give the magnetic-filed-dependent final
occupation of the involved states of the spin-flip processes in FeBz, FeBz,, Fe,Bz, and Fe,Bz,, respectively, and (e) and (f) show the magnetic-
filed-dependent final occupation of the involved states of the spin-transfer processes in Fe,Bz and Fe,Bz,, respectively. In each subfigure, the
lines connected by solid circles and diamonds represent the change trends of the initial and final states, respectively, and others denote the
FWHM-dependent final occupation of some selected intermediate states which show noticeable occupation during the spin dynamics.

One can also see that for the spin-flip scenarios in Fe,Bz
and Fe, Bz, [Figs. 5(c) and 5(d)], with the increase of FWHM,
the fidelity decreases gradually first and then climbs up.
Specifically, for Fe,Bz, after the decrease of the fidelity from
0.986 to zero when FWHM is 188 fs, an even higher value
of 0.988 is achieved when FWHM is 282 fs. For Fe,Bz,,
its fidelity decays gradually from the highest value 0.987 at
226 fs to zero at 452 fs, and then has a tendency of going
up. To understand this phenomenon, we first consider an ideal
two-level quantum system (|i): initial state, |e): final state)
driven by an oscillatory field (i.e., laser pulses in our paper).
As is known, with the initial condition being set as c,-2 li=0 =1,
the system will end entirely at the excited state at one half
of the Rabi cycle at the resonant Rabi frequency (i.e., zero
detuning). The target state in our spin-flip scenarios is just
obtained in such a way, i.e., when the final state occupation
reaches up to the greatest possible value after one-half Rabi
cycle the laser pulses were turned off to leave the system
in this state. If the FWHM equals an even multiple of the
FWHMy value (e.g., 188 fs, which is twice the FWHMg
value of 94 fs and equivalent to one Rabi cycle, as shown
in Fig. 5(c)], it always gives zero fidelity (which means the
system stays in its original initial state instead of the final
state). If an odd multiple of the FWHMp, value applies (e.g.,
282 fs, which is three times of the FWHMy value of 94
fs and equivalent to one and a half Rabi cycles), it always
gives an equivalent high final-state occupation as the case
of FWHMpg. Thus, the oscillation features of the FWHM
effect on the spin-flip scenario in Fe,Bz and Fe,Bz, is quite
understandable. A similar behavior can be also observed in

Ref. [57], where the magnetization reversal can be induced by
several combinations of pulse duration and intensity strength.
Here, due to the individual encoding method for the laser
in our genetic program, the values of parameters represented
by the bit series are limited by the parameter range, which
induces the one-way derivation of FWHM in Figs. 5(a) and
5(b).

Strikingly contrary to Figs. 5(a)-5(d), the initial and final
states of the two transfer scenarios oscillate severely in a
period of about 60 and 100 fs, respectively. In addition,
no equivalent fidelity appears at the positions of (2n + 1) x
FWHM (n =1, 2, 3, - - -). Both of these features indicate the
existence of the detuning from the resonant Rabi frequency in
spin transfer, resulting from the large number of intermediate
states involved and complicated transitions brought about.

C. Effect of external magnetic field on ultrafast spin dynamics

Keeping the direction of the magnetic field (as well as
laser parameters) to be fixed, we vary its magnitude from
0 to 1.0 x 10~* at.un. (i.e., in the region from 0 to 23.5 T,
here at.un. is the abbreviation of atomic units) and study its
influence on the six spin scenarios obtained in this paper.
The results are shown in Fig. 6. The highest occupation
of the target states, the change trend of which is denoted with
the line connected by solid diamond symbols, mostly occur at
B=1.0x107> atun. It can be seen that for smaller B (e.g.,
below 2.0x107% at.un.), the desired states cannot be well
populated, especially for the flip scenario where the number
of the involved intermediate states is the largest [see Fig. 6(b)]
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and the two transfer scenarios [see Figs. 6(e) and 6(f)]. This
is due to the fact that the Zeeman splitting, required by our A
process, is insufficient to distinguish the states stemming from
the same triplet terms. For example, for the transfer scenario
of Fe,Bz at B=1.0x107° at.un., the system mainly goes to
a linear combination of states 22 and 24, which stem from
the same triplet term with the originally targeted state 23. For
Fe,;Bz,, the system mainly goes to a linear combination of
states 18 (initial state), 19 and 20, the latter two of which stem
from the same triplet term with the originally targeted state 21.

On the other hand, for larger magnetic field (e.g., above
8.0 x 1077 at.un.), the intermediate states in each subfigure
start to take noticeable occupation, causing a decrease of final
occupation of the target state. This can be attributed to the
Paschen-Back effect: (i) With larger magnetic field applied,
the SOC of the system will become relatively weaker and the
previously spin-mixed intermediate states tend to be spin pure,
thus it suppresses the efficiency of the spin scenarios since a
A process is necessitated and facilitated by SOC. (ii) Larger
magnetic field brings about stronger level crossing that may
change the phase factors of the excited intermediate states
and even their state ordering. The former change has a strong
effect on the interference of the intermediate states during
the propagation, and the latter one induces some states with
the same numbering to be actually different from the initial
resonant situation, both of them limit the achievement of the
desired population of the target state. In fact, the magnetic
strength is extended up to 4.0 x 10~* at.un. in our calculation.
It turns out that, due to the involvement of more (mainly
high-lying) intermediate states in each case, the target state
is hardly populated when B is higher than 1.0 x 10~* at.un.
Even for the cases of spin-flip scenarios in Fe,Bz and Fe,Bz,,
as shown in Figs. 6(c) and 6(d) which are relatively insensitive
to B, the final-state occupation both decay (from 0.6 and
0.7 at B = 1.0 x 10~ at.un., respectively) rapidly to zero at
B =12.0x 10~* atun.

One can clearly see that, from Fig. 6, the flip scenario in
Fe,Bz, is the most stable one with respect to the change
of magnetic field since its final-state occupation keeps at a
flat plateau with high values within a large region of the
increasing magnetic field strength. This stability favors the
experimental realization of the corresponding spin dynamics,
while the spin-transfer scenario in the same structure turns to
be the most sensitive one because the final-state occupation
decreases rapidly when there is a small deviation in the
field magnitude. This sensitivity can be converted to lateral
resolution of a nanodevice made of such identical clusters
through the introduction of an inhomogeneous magnetic field
(e.g., a linear-gradient B field), and thus is beneficial to their
future memory application, as mentioned in the introduction
section. To illustrate this in great detail, in the following we
reexamine the B-field effect of the transfer scenario in Fe;Bz,
in the one-dimensional case, and expand the dependence of
fidelity on magnetic field to that on magnetic field and spatial
location.

The results are shown in Fig. 7, in which the linear-gradient
magnetic field is denoted by the line B = kx, with the ranges
of the spatial length and magnetic-field strength chosen from
0 to 2350 nm and from O to 23.5 T, respectively. The val-
ues denoted along the line are the field-dependent fidelity.

10|
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S 6 12%, ot
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FIG. 7. Determination of the lateral resolution of a device sample
made of homogeneous Fe,Bz, clusters by introducing a linear-
gradient magnetic field (with a gradient value of 10 T/um) on the
predicted ultrafast spin-transfer scenarios. The field-fidelity corre-
spondence is taken from Fig. 6(f). When varying the field strength
from 0 to 1.0 x 10~* at.un. (23.5 T), the corresponding sample length
the magnetic field acts on is 2350 nm. The intensive field-dependent
fidelity values below 1.0 x 107> at.un. (i.e., 2.35 T) is shown in the
inset.

Compared to Fig. 6(f), several fidelity values below 2 x 107>
are added for the purpose of obtaining a more precise level
of sensitivity, and the values for the higher field region are
selectively shown. Here it should be noted that, when we
apply a magnetic field with strength varying from 0 to 1 x
10~* at.un. (23.5 T) on a nanoscale sample, a large gradient
is needed. Nowadays, the maximal reachable B-field gradient
values of the order of 1 — 10 T/um have been obtained on
various materials (such as nanoscale Dy stripes, mircopat-
terned permalloy-Co films, and Nd-Fe-B films) with the aid of
modern micro- and nanotechnologies [61-66], and have been
used to investigate the coherent manipulation of individual
electron spin, the hyperfine-induced spin dephasing, and the
effects on biological elements (cells and molecules) [67-69].
Thus, a typical gradient value of 10 T/um is chosen here, and
the corresponding spatial expansion is around 2350 nm for
the B-field range from O to 23.5 T. Obviously, from Fig. 7 one
can see that the fidelity of the spin-transfer scenario is always
above 78% when the field strength lies in the range from
5.58 x 107° to 1.8 x 1072 at.un. (i.e., from 1.31 to 4.23 T),
as confined by the two blue dashed lines. Correspondingly,
the active spatial region is from 131 to 423 nm, indicating a
spatially resolved length of around 300 nm. For our results,
if we take advantage of the abrupt deterioration of the spin
scenario of Fig. 6(f), for which a decrease of the magnetic
field by 0.47 T (i.e., from 6 x 107 to 4 x 107° at.un.) or an
increase of the magnetic field by 0.94 T (i.e., from 1.6 x 1073
to 2 x 107> at.un.) leads to a fidelity from more than 80% to
less than 10%, and combining with a 10 T/um gradient, we
arrive at a spatial resolution of the order of 47 or 94 nm. These
numbers are at least a factor of two smaller than the one of a
standard optical microscope (200-600 nm [70]). In the case of

134430-8



THEORETICAL STUDY OF LASER-INDUCED ULTRAFAST ...

PHYSICAL REVIEW B 99, 134430 (2019)

a higher-gradient magnetic field or a molecule which is much
more sensitive to the magnetic-field strength, this resolution
can be expected to be highly improved for the high-density
recording capability of B-field assisted magnetic recording.

V. SUMMARY

To summarize, we present a first-principles study on the
laser-induced ultrafast spin dynamics in clusters Fe, Bz,
(m,n =1,2). Their structural and energetic properties are
compared, and the possible influence on the spin-flip scenar-
ios are addressed. A CT state involving spin-transfer scenario
completed within 500 fs is found in Fe;Bz. As expected,
its time duration is much faster than the ordinary transfer
dynamics achieved in Fe,Bz,. The reversibility of the scenar-
ios are found to be mainly determined by the (a)symmetric
feature of the dynamics behavior, the number of the involved
intermediate states, and the (un)balanced properties of the two
subbranches of the A process. In a large part of our paper, we
investigate the effects of laser FWHM and the magnitude of
the external magnetic field on the proposed spin scenarios,
and analyze the stability and sensitivity of each scenario.
We find that, due to the large detuning from the resonant
Rabi frequencies, spin-transfer scenarios have smaller toler-
ance values than spin-flip scenarios with respect to the laser
FWHM, indicating their sensitivity to this parameter. For the
effects of magnetic field strength, the fidelity of each scenario
is always suppressed when B is smaller than 1.0 x 1076 at.un.
(due to the indistinguishability of the states) and larger than
8.0 x 1073 atun. (due to the Paschen-Back effect). Based
on this effect, the idea of magnetic field stressing for the
possible memory application is proposed. All these theoretical
predictions are expected to provide valuable information for
the experimental probe of ultrafast laser control magnetism on
the organic-TM clusters and their future precise information
storage and molecular spintronics device applications.
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APPENDIX

Compared to other work, the ground-state spin multiplic-
ities of the structures calculated in this paper agree with
Refs. [26,28-30,32-34,71]. However, their symmetries may
differ due to the different isomers and computational methods
used. For example, for FeBz, Cg, and C,, configurations are
respectively suggested in Refs. [26,28-30,32,34]. Our calcu-
lation gives a C; configuration, which is lower than the Cg,
(with two large imaginary modes) and C,, configurations by
0.995 eV and 0.001 eV, respectively. For FeBz,, a symmetry

TABLE III. The Fe-Fe and Fe-C bond lengths of the
four optimized structures.

Cluster Bond length (in A)
Fel-C1 = 2.4215 Fel-C2 = 2.4227
FeBz Fel-C3 = 2.4000 Fel-C4 = 2.4004
Fel-C5 = 2.4225 Fel-C6 = 2.4217
FeBz, Fel-C1/C6 = 2.3623

Fel-C2/C3/C4/C5 = 2.3904
Fel-C7/C12 = 2.3628

Fel-C8/C9/C10/C11 = 2.3910

Fe,Bz Fel-Fe2 = 2.7135 Fel-C1/C6 = 2.3775
Fel-C2/C3/C4/C5 = 2.3576

Fel-Fe2 = 2.3842 Fel-C1/C6 = 2.4218

Fel-C2/C4 = 2.4222 Fel-C3/C5 = 2.4171

Fe,Bz, Fe2-C7/C12 = 2.5766 Fe2-C8/C10 = 2.5631

Fe2-C9/C11 = 2.6282

of D, is proposed in Refs. [26,29,30,32,71], while our HF
calculations, without any symmetry constraint of either the Bz
ring or the whole structure, favor the C,,, configuration, which
is 4.095 eV lower than the Dg, one.

Different from the tilted upright (i.e., Fe-Fe bond devi-
ates by some angle from a perpendicular direction to the
Bz plane) geometry proposed in Refs. [32,33], the most
stable conformation of Fe,Bz in our calculation is a triplet
upright one, which is lower than the stable triplet parallel
configuration (i.e., Fe-Fe bond is parallel to the Bz plane)
by 1.763 eV, in line with Refs. [28,31]. A stable titled up-
right configuration deviated by 34.4° is also obtained, but
only under a loose convergence criteria of 10~ at.un. The
most stable geometry of Fe,Bz, (which was suggested by
Ref. [26] that both the perpendicular and coaxial geometries
are possible) we obtain is a coaxial (i.e., Fe-Fe bond is
almost parallel to the line connecting to the centers of the
two Bzs) structure with multiplicity 3, which is lower than
the stable quintet perpendicular (i.e., Fe-Fe bond is nearly
perpendicular to the line connecting to the centers of the two
Bzs) configuration [32] by 0.914 eV. An even lower-energy
structure for a quintet coaxial configuration under lower con-
vergence criterion is also found, but there is one inevitable
imaginary mode with a value of —8.9 cm™!, indicating its
instability. The converged triplet perpendicular one cannot be
achieved.

Table III lists the Fe-Fe and Fe-C bond lengths of the
four optimized structures. It can be seen that, with an
additional Bz molecule, the Fe-Fe bond length of Fe,Bz,
(2.3842 A) turns to be shorter than that of Fe,Bz (2.7135
A). This results from the fact that the attachment of a Bz
ring leads to a loss of 3d electrons per Bz attached [72]
and thus reduces the repulsion of the Fe dimer. On the
other hand, due to the addition of an iron atom that brings
about strong repulsion of the Fe dimer, the distance between
Fel and the center of the Bz ring of Fe,Bz (1.8837 A)
becomes shorter than that of FeBz (2.0084 A). For the
bonding parameters related to the Bz rings, the C—C bond
lengths range from 1.4014 A to 1.4144 A, and the C—H bond
lengths range from 1.0822 A to 1.0851 A. Compared to the
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TABLE IV. The main vibrational modes of the four clusters together with their infrared intensities. Here two degenerate modes exist for

the carbon ring distortion.

Clusters
Vibrational mode FeBz FeBz, Fe,Bz Fe,Bz,
Out-of-plane C—H bend 698(82.2) 706 (154.8) 697(122.1) 673 (153.2)
Benzene ring breathing 922(22.3) 920 (71.0) 913(37.6) 918(53.6)
Carbon ring distortion 1395(40.5), 1390 (90.1), 1383(29.7), 1389(28.3),
1399(44.5) 1396 (58.9) 1386(24.5) 1395(38.2)
C-H stretching 3063 (73.0) 3078 (422.1) 3055(65.8) 3066(77.7)

experimental values of 673, 1038, 1486, 3047.3 cm~! for
the modes of out-of-plane C—-H bend, carbon-ring distortion,
Bz ring breathing, and C-H stretching of the gas-phase
Bz ring [73], our calculations show decent agreements,
as can be seen in Table IV. In addition, the values of Bz
ring breathing (913 — 922 cm™!) and carbon-ring distortion
(1383 — 1399 cm™!) in our paper are all redshifted, and the

values of out-of-plane C-H bend (673 — 706 cm~!') and
C-H stretching modes (3055 — 3078 cm™!) are all
blueshifted. These are consistent with the tendency of
Refs. [25,33,41]. Since Fe is much heavier than C and H,
its related Fe-Bz vibrational frequencies with noticeable
intensities lie within the region of 27.8 ~ 280.2 cm~!, which
are much smaller than the related Bz ring modes.
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