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We present a first-principles study of spin properties of the triplet TM302/ * (TM = Fe, Co, Ni) clusters and
their laser-induced ultrafast spin dynamics. The differences in geometries, infrared spectra, and level distributions
of the three structures are discussed. It is found that the spin localization of the clusters is both structurally and
magnetic-field dependent. Specifically, within the same magnetic field, the number of the spin-localized states

decreases when the magnetic center changes from Fe via Co to Ni. Even for the same cluster, the spin-localized
states may differ under different field directions, due to the fact that spin magnitudes and spin directions of the
states change with magnetic field. For the spin dynamics, the results indicate that the system which possesses
more spin-localized states normally exhibits rich spin functionalities. Among the various achieved laser-induced
ultrafast spin-transfer scenarios, a spin-transfer cycle in Fe;O;, a partial demagnetization process in Co307,
and a spin bifurcation scenario in Ni3Os are presented and analyzed, respectively. These results provide added
information for the varieties of ultrafast optical control of magnetism in transition-metal oxide systems, and pave
the way toward future related device design and molecular spintronics applications.
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I. INTRODUCTION

Stimulated by the increasing demand for high-density stor-
age and high-speed information processing, optically driven
spin dynamics in nanoscale devices within the subpicosec-
ond time regime has become one of the most fascinating
topics [1-11] in recent years. Among various kinds of struc-
tures (e.g., thin films, alloy multilayers, and bulk materi-
als) where magnetization manipulation has been achieved,
molecular clusters/complexes [12-16] offer much promise
in future high-density date storage and quantum information
processing since they possess ultimate small sizes, long coher-
ence time, and discrete energy levels—the features suitable
for scalability and manipulating spin in a controllable and
tractable manner. Several spin-based quantum gates and spin
functionalities [17-21] in different molecular- or even atomic-
scale systems have been proposed, which therefore contribute
great steps toward the realization of scalable quantum com-
puting architectures.

As one of the intriguing molecular-scale species, transition
metal (TM) oxide clusters have been the subject of numerous
experimental and theoretical studies in the last decades due
to their great potential applications in catalysis, electronics,
and magnetic materials. Various neutral and charged TM,,O,,
(TM = Fe, Co, Ni) clusters have been generated by means
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of laser vaporization techniques [22-24], and their stability,
vibrational properties, and structural determination have also
been investigated with different tools, such as infrared vibra-
tional spectroscopy and photoionization time-of-flight mass
spectrometry [22-31]. In combination with these experiments,
a series of density-functional theory calculations concerning
the geometric, vibrational, electronic, and magnetic properties
of these small clusters have been reported [31-37]. However,
most of the studies focus on the ground-state properties and
the formation/evolution of nanoparticulate oxides as well as
their size-dependent features. The laser-driven ultrafast spin
dynamics which usually involves a number of excited states
in these clusters, to the best of our knowledge, is rarely
investigated.

In the present paper we systematically continue a series
of works in which we analyze several aspects regarding the
ultrafast magnetization control and logic functionalization of
magnetic molecules [21,38—42]. More specifically, here we go
a step further and investigate the possible spin manipulation
on small TM302/ * clusters in conjunction with the magnetic
anisotropy of the molecules and its relevance to the varieties of
achieved spin functionalities. The considerations of choosing
such structures are as follows: (1) It has been confirmed by
substantial experimental and theoretical work that the small
oxide clusters TM,,0%* tend to stabilize preferably with the
n = m stoichiometry [22-29]. As elementary entities to as-
semble hollow tower-like TM,,0%*+ (6 < n < 12) structures
via vertical stacking, the in-depth study of such existing
clusters can not only provide a fundamental understanding of
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ultrafast spin control in small clusters but can also motivate
further experimental realization and even the relevant study
of larger and more realistic systems. (2) In our previous
theoretical study of homodinuclear iron and nickel oxides, it
was predicted that ultrafast spin flip (which corresponds to the
reversal of spin directions) can be achieved in the FeOOFe and
NiOON:i clusters, while spin transfer (which corresponds to
the change of spin localization) is only possible in FeOOFe
[38]. Here, with an additional magnetic center that brings
about more d electrons, it is expected that the achieved spin
dynamics will be richer in types and more novel in features.
Especially, as the result will reveal, a reversible spin-transfer
cycle is realized in the Fe;O3 cluster, which provides more
flexibility for constructing practicable, TM-based magnetic
logic functionality. In addition, their consistent planar geome-
tries can serve as ideal model systems to explore the spin
properties of the many-body states of the systems with the
change of the magnetic field, and to understand the varieties
of the spin functionalities in different structures.

The paper is organized in the following way: In Sec. II the
structures and infrared spectra of the three clusters are pre-
sented. In Sec. III we demonstrate the magnetic properties of
the structures, including the spin magnitudes and directions of
the ground states with the change of magnetic field (Sec. IIT A)
and the analysis of the spin localization (Sec. IIIB). Some
selective results of the achieved ultrafast spin dynamics are
presented and discussed in Sec. IV. Our summary is given in
Sec. V.

II. STRUCTURES AND INFRARED SPECTRA

The clusters are optimized at the Hartree-Fock (HF) level
with the Lanl2Dz basis set by using the Gaussian 16 package
[43], and their stability is confirmed by the subsequent vibra-
tional harmonic frequency calculation. For the geometries of
the three clusters Fe; O3, Cos O;’ (here, the cationic species is
chosen because an even number of electrons enables the sep-
aration of charge and spin dynamics), and Ni3;O3, we restrict
ourselves to the planar rings with the oxygen atoms bridging
the metal atoms. The reason is that both our own results as
well as various other ab initio calculations combined with ex-
perimental evidence [25-27,30,32-35,44,45] show that they
are energetically favored. Regarding their geometries, it turns
out that the oxygen atoms preferentially occupy the bridging
positions (since the ionic metal-oxygen bonds are stronger
than the direct metal-metal bonds) until the number of metal-
oxygen bonds is maximized and the whole structures are
highly stabilized [25,26,28,30,35].

By performing the calculation under different spin multi-
plicities and symmetries, we find their ground-state configura-
tions are of spin multiplicities (with symmetries) of 13 (Cy), 11
[26,30,35] (Cyy), and 7 [44] (Cy), respectively. Depending on
the calculation methods and basis sets applied, other ground-
state configurations, for instance, quintet [32,34] and quintet
Cs [33] configurations for Fe;O3, undectet (i.e., multiplicity
11) D3, [26], triplet [25], and triplet Cy, [27] for C03O§r,
and triplet Ni3O3 [34], are also proposed in some references,
which all proved to be higher in energy in our calculation (one
exception is the D3, since with this symmetry the calculation
does not converge for C03OgL and always converges to C; for
Fe3;03 and Ni30;) than the above ground-state ones.
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FIG. 1. (a) The optimized planar geometries of triplets Fe;O3,
C03O§’, and Ni3;O5; with spin multiplicity 3. The metal-oxide bond
lengths (in A) are shown. (b) The infrared spectra of the three
structures.

For the spin dynamics, however, such high ground-state
configurations are not feasible due to the huge computational
cost (especially for calculation of the excited states) and
the limitation of our restricted open-shell HF method for
tackling systems with more unpaired electrons (since the
restriction of the same spatial orbital for each paired o and
B electrons will lead to poor results due to the different
effective potentials they experience, especially for the systems
with high spin multiplicity). Here, the restricted description
is applied since we need reliable spin information (since the
unrestricted calculation would cause spin contamination, and
give bad results especially for relativistic properties such as
the Zeeman interaction parameter G tensor [46]). Therefore,
considering the acceptable calculation cost and the applied
method on the systems, we focus on the triplet configurations
(which are lower than the respective singlet ones) to perform
spin dynamics.

The optimized planar structures under spin multiplicity
3 together with the metal-oxide bond lengths are shown in
Fig. 1(a). Due to the Jahn-Teller effect, the marked bond
lengths of each structure are inequivalent (which is similar
to the case of Ref. [38]), leading to a reduced symmetry
C; of each structure and making spin localization possible.
Among the three clusters, the distortion of the Fe cluster is
phenomenologically larger, which can be attributed to the
larger energy gained by its less filled d electrons through
the asymmetrical occupation of the quasidegenerate orbitals.
Compared to clusters TM,0, [38], the direct TM-O bond
lengths of the corresponding TM302/ * clusters are generally
shorter, which is understandable since the trinuclear oxide
clusters are more condensed.

The calculated infrared spectra of the three structures,
which confirm no imaginary frequencies and prove the ge-
ometric stability, are given in Fig. 1(b). The spectra below
100 cm~! are not shown since no vibrational modes with
noticeable intensity exist. It can be found that the spectra
of the three structures exhibit similar features, except that
at high-frequency values (above 600 cm~!) the peaks of the
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vibrational modes of Co3O5 are blueshifted and the two peaks
of NizO; at 695 and 797 cm~! locate farther from each other.
In addition, compared to the strong oxide-metal stretching at
704 4 14 cm~! observed experimentally in the C03O; cluster
[27], the corresponding peak values of Fe3;O; and NizO;
fall in a reasonable range, while the values of C03O3+ are
overestimated in our calculation (the same trend as found in
Ref. [27]). Due to the larger number of atoms and stronger
bonds of these trinuclear oxide clusters compared to TM,0;
clusters [38], the vibrational modes become more, with the
main peaks being stronger in intensity and blueshifted.

III. MAGNETIC PROPERTIES OF THE STATES

For the electronic ground and excited states of the struc-
tures, to overcome the deficiency of the HF method, we use the
symmetry-adapted cluster-configuration interaction (SAC-CI)
method [47], which is capable of giving a more accurate
description of both the static and dynamic correlations. In
addition, to manipulate spin, the degeneracy of the triplet
terms needs to be lifted, and the “spin-up” and “spin-down”
states should be separated. These are fulfilled by the subse-
quent inclusion of spin-orbit coupling (SOC, the two-electron
contributions of which are accounted for by the effective
nuclear charges [48]) and an external magnetic field (B field).

The interaction between laser pulses and molecular sys-
tems is described by the time-dependent Hamiltonian A (t) =
D Ejyer(t), where Ej(¢) is the time-dependent electric
field of the laser pulses, and D is the electric-dipole transition
operator. Here, the laser pulses are chosen as sech? shaped
and characterized by six parameters, i.e., three angles (6,
¢, v) associated with the direction, energy, pulse duration
FWHM, and amplitude [49]. The magnetic dipole interaction
MLIA, - Baser () + MSS - Blaser (f) is omitted since usually it is
about two orders smaller than the electric dipole interaction
[50].

Then, driven by the well-tailored laser pulses and by choos-
ing the appropriate initial and target states with different mag-
netic properties, certain spin functionalities can be achieved
based on the A process—an indirect transition channel from
the initial state to the final state through the participation of
several spin-mixed intermediate states. The time evolution
of the system is calculated by solving the following coupled
differential equations:

ihac,,(t)
ot

= Y (D HO| D) e 1), (1)
k

where E, and E; are the energies of the unperturbed states
|®,) and |Py), respectively, and c(¢) is the time-dependent
coefficient of the state |®;) in the total wave function W(t) =
>, cr(t)e /| D). The time-dependent properties are cal-
culated from their expectation values:

(0) =" ci)ej()0i; = Y PiiOy), )
ij ij
where P;; = c_’]*- (t)ci(t) are the density matrix elements, and

0;j = (®;|0|®,) are the matrix elements in the basis of the
unperturbed Hilbert space. More theoretical details can be
found in Refs. [38,39,51].

As illustrated in our previous work [21,39—-41], the most
basic functional elements for constructing logic operations are
spin-flip (for storage) and spin-transfer (for logic) scenarios.
Especially for spin transfer, it is only meaningful when chang-
ing the spin localization between different centers, and in
most cases only possible under an appropriate magnetic field
direction. Therefore, before presenting the spin dynamics in
detail, we would like to demonstrate the magnetic properties
of the many-body states of the three triplet structures, i.e., the
B-field-dependent spin magnitudes and directions (Sec. I[IT A)
and some analysis of the spin localization (Sec. III B). These
features can help us to understand the fact that spin states
change with different B fields and why the achieved spin
functionalities are both structurally and field dependent from
the viewpoint of spin localization. Recently, the magnetic
anisotropy in magnetic molecular systems has been investi-
gated (through the zero-filed splitting parameter D and Zee-
man interaction parameter G) [46,52], which from another
point of view also provides valuable information to uncover
the nature of the electronic states.

Note that throughout the paper for the many-body states
and for the subsequent spin dynamics, we only consider the
Fock space which includes the lowest 61 states (numbered
by the order of their energies, the level diagram under a
certain B-field direction for each structure can be seen in
Sec. IV). This means that for each structure the ten lowest
triplet terms before the inclusion of SOC for each irreducible
representation are calculated with the SAC-CI method; thus
within the point group of Cj, there are in total 60 triplet
states, in addition to the one singlet SAC state. Regarding the
control of the coherent magnetization we only report the spin
dynamics, due to the fact that the orbital angular momentum in
our systems is usually partially or completely quenched (due
to the lifting of the d-orbital degeneracy). Interestingly, we
find that most of the 61 calculated electronic states for each
structure have very small orbital-angular momentum expec-
tation values. Specifically in Ni3O3 (to mention an example),
merely six states have values above 0.2.

A. Magnetic-field-dependent spin magnitudes and spin
directions of the triplet ground states

Since the three clusters are all planar structures, it is
feasible and straightforward to investigate the changes of
spin magnitudes |S| (i.e., \/(Sx)7+ (Sy)z) and directions
arctan((Sy)/(Sx)) by scanning all the B-field directions in
the x-y plane with different field magnitudes. The results for
the ground states of the three triplet structures are shown in
Fig. 2, in which the diagram of |S|-® is plotted in a polar
form, and arctan({Sy)/(Sx))-® is a Cartesian plot. Here, the
direction of the B field in the x-y plane is denoted by (®, ®),
where the polar angle ® is 90°, and the azimuthal angle
® is the angle of the B field that deviates from the x axis.
Clearly, from Figs. 2(al)-2(a3) we see that the in-plane easy
axes (in which directions the values of spin magnitude are
maxima) of Fe;Os, C03Of’, and NizO; are different. The
directions of them are approximately (®, ) = (90°, 120°)
[or (90°,300°)], (®, ®)=(90°,0°) [or (90°,180°)], and
(®, ) = (90°, 82.5°) [or (90°,262.5°)], respectively. They
can be also determined by the polar plots of energy shifting
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FIG. 2. The spin magnitudes and directions for the ground states of the three structures for different B-field directions in the molecular
plane [denoted by (90°, ®)] with four different field strengths. (al), (a2), and (a3) are the polar plots of the spin directions as functions of B
for the ground states of Fe;Os, Co3O§r, and Ni; O3, respectively. (bl), (b2), and (b3) are the normal Cartesian plots of spin directions with the
change of B for the ground states of Fe;03, Co;07, and Ni; 03, respectively. The four field strengths are 0.1B, (circles), By (triangles), 5By

(squares), and 10B, (diamonds) with By = 1075 a.u. =2.35T.

of the ground states with respect to @, which gives the same
result, as shown in Fig. 4 in the Appendix. Clearly, as the
B-field strength increases, the spin magnitude of the ground
state for each cluster, which shows a twofold-like symmetry,
generally becomes larger under each specific field direction.
Here, it is obvious that the responses of the three clusters
(at least for their ground states) to the B-field strength are
not synchronous, which can be directly seen from Fig. 5 in
the Appendix, in which the ground-state spin magnitude of
each cluster in the direction of the in-plane easy axis with the
change of B-field strength is plotted.

Figures 2(b1)-2(b3) show the corresponding spin direc-
tions with the changes of B. Clearly, with the increase of the B-
field strength, the slope of the spin direction arctan({Sy)/{Sx))
of the ground state for each triplet cluster gradually gets
larger, reflecting the trend that the spin direction turns toward
the field direction. This is particularly noticeable for the
case of C03O§r when |B| = 10By = 23.5 T, since the linear
fitting of the change trends of the spin angles in the range of
[90°-255°] for @ gives a slope of 0.7 and a phase difference
of —126.5°, which is close to the extreme situation where the
spin direction is exactly in tune with the field direction (i.e.,
a slope of 1.0 with the phase difference —180°). Here, due
to the fact that the magnetic field strength in our calculation
is in atomic units, their different values for investigating
the B-field-dependent properties in this paper are chosen as

multiples of By, where By = 10~ a.u. = 2.35 T. From Fig. 2
one can find that, among the the three clusters, Cos O;“ is the
easiest one to get magnetized due to its relatively large spin
magnitudes and most sensitive response to the B-field direc-
tion, Ni3Os is the hardest one, and Fe; O3 lies in-between. This
is confirmed from the result of magnetization curves of the
three clusters as shown in Fig. 5 in the Appendix. Note that the
two abrupt drops (or rises) of arctan((S,)/(S,)) for each line in
Figs. 2(b1)-2(b3) indicate the angles where phase transitions
of spin directions occur, which approximately correspond to
the in-plane hard axes for all the three clusters.

It should be clarified that the aforementioned in-plane easy
and in-plane hard axes are named from the comparison of
the spin magnitudes when the B field changes within the
molecular plane. For the determination of the global easy and
hard axes of the three clusters, we need to scan all the other
possible B-field directions beyond the molecular plane. The
results (see Fig. 6 in the Appendix) show that the global easy
and hard axes of Ni3O; are exactly the in-plane ones, while
for Fe;03 and C03Of, their global easy axes are the same
as the in-plane ones, but the global hard axes become almost
collinear with the z axis. In addition, we emphasize here that
the results shown in Fig. 2 are only for the ground states;
the easy axes do not represent the directions chosen for the
spin dynamics to be discussed later since the dynamics usually
involves many excited states and the easy axis for each state
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TABLEI. The distribution (i.e., the percentage values of certain states out of total 61 states) of the spin localized or unlocalized states of the
three structures under three typical B-field directions (with strength of 10> a.u.), as well as the correspondingly achieved spin functionalities.
Here, the abbreviation S represents spin localization in one single magnetic atom, D/T means spin localization in two or three magnetic centers

simultaneously, and N means no spin localization.

Fe;0; Co;07 Ni; 03
S D/T N S D/T N S D/T N
B field () (%) (%) Spin functionality (%) (%) (%) Spin functionality (%) (%) (%) Spin functionality
.. Global flip -
0,0,B) 262 164 574 LipinFel/2/3 — 393 607 Partial demag- 99 99 802 ripinNil/2/3
Transfer cycle® .. Transfer (one)
netization
Flip in Fel/2/3
(B,,0,0) 426 164 41.0 Transfer cycle’ - 36.1 639 Globalflip 6.6 18.0 754 -
Transfer (two extra)
(0.B,0) 361 180 459 LupinFe2 262 738 Global flip 66 180 754 FupinNil
’ Transfer (two) Bifurcation

A sequential transfer cycle which involves three initial/final states: Fe2 (state |25)) — Fel (state |38)) — Fe3 (state |56)) — Fe2 (state |25)).
A transfer cycle which involves five initial/final states: Fel (state |19)) — Fe2 (state |23)), Fe2 (state |42)) — Fe3 (state |33)), Fe3 (state

|33)) — Fel (state |36)).

may be different. For instance, for the two initial/final states
[25) and |38) of the spin-transfer cycle achieved in Fe;O3
when B is along the z axis (Sec. IV), the global easy axis of
state |25) is (®, @) = (90°, 30°) [or (90°, 210°)], exactly the
in-plane hard axis of the ground state, and the global easy axis
of |38) is the z axis.

B. Spin localization analysis

Table I lists the distribution of spin-localized or spin-
nonlocalized states of each cluster under three different typical
B fields as well as the achieved spin functionalities. Here for
the strength of the B field applied in the spin dynamics, the
value of 2.35 T (i.e., By) is chosen. It should be noted that
the spin-localized and -nonlocalized states are clarified by the
expectation values of the spin components (the maximum of
which is 1.00) and spin-density values (or the sum of the
values in two or three magnetic centers, the maximum of
which is 2.00). That is, when the two values of a certain state
are above 0.40 (for reasons of experimental detectability) and
0.80 (which is almost one half of the maximum total density),
respectively, we name it a spin-localized state; otherwise it is
a spin-nonlocalized state.

It is found that the spin localization of the states is both
structurally and B-field dependent. For the structural effect,
within the same B field, the number of spin-localized states
decreases when the magnetic center changes from Fe via Co to
Ni, which can be seen from the increasing values of the non-
localized percentage values (e.g., 57.4%, 60.7%, and 80.2%
for the case of the B field being along the z axis). This can be
analyzed from their geometry. Generally, the more distorted
the structure is, the more distinct spin localization it has.
Among the three structures, Fe;Oj3 is the most asymmetric
one (although it belongs to the same point group as the other
two clusters) with respect to the obvious inequivalence of the
Fe-O bond lengths; thus the three magnetic centers can be

well distinguished and possess the most spin-localized states.
For C03O;r and Ni3O3, with respect to the TM1-O2 bond, the
direct TM-O bonds in the left part of each cluster are almost
the same as the corresponding ones in the right part; thus most
of the states either have spin localization equally in two/three
magnetic centers or have no spin localization. Especially for
the cluster Co;0F where the differences between the left-
side and right-side TM-O bonds are the least, none of the
states has spin localized in one single magnetic atom. This
is consistent with the findings in Ref. [38]. It has been shown
that the magnetic moments of oxygen in FeXO?,/ * clusters may
show unusually strong spin polarization [37]. Here for the
three triplet homotrinuclear clusters, at least within the Fock
subspace we investigate, there is no strong spin localization
on oxygen atoms. However, according to our ongoing study,
oxygen can be considered as a magnetic center for some
excited states of the heterotrinuclear ones (e.g., F€2COO;—,
Ni,CoO5, and FeCoNiO7) due to the its large spin-density
values.

For the B-field effect, the spin-localized states of Fe;O;
and Co3O5 when B is along the x axis are more than those
when B is along the y axis, since the B field along the x axis
breaks the structural “mirror” symmetry (with respect to the
Fe3-O1 or Col-0O2 bond) more significantly than parallel to
the y axis. Similarly, the spin-localized states of Fe;O; and
NizO3; when the B field is parallel to the molecular plane
(i.e., along the x or y axis) are more than the ones when the
field is perpendicular to the molecular plane (i.e., along the z
axis). These differences are also quite understandable from
our analysis in the the previous subsection: Since different
B-field directions may lead to different spin magnitudes (or
expectation values of the spin components), it may occur that
some spin-localized (-nonlocalized) states under one B-field
direction become unlocalized (spin-localized) under another
direction, due to the substantial decreases (increases) of the
corresponding spin values.
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FIG. 3. The ultrafast spin dynamics achieved in the three triplet clusters. (al) and (b1) Schematic illustration of the spin-transfer cycle, the
partial demagnetization, and the spin bifurcation in Fe;03, Co3O7, and Ni3Os3, respectively. The inside-out oriented or broad arrows on the
magnetic centers denote spin directions, and the percentage values beside the solid and dashed thin arrows between different configurations
denote the fidelity of the transfer processes. (a2) and (b2) The time-resolved occupations of the involved states (initial state: black dotted,
final state: red solid, intermediate states: others) for each scenario. (a3) and (b3) The energetic positions of the involved states (dashed are

intermediate states).

Correspondingly, the achieved spin functionalities, apart
from the cause of the distinct nature of the systems, are also
to some extent subjected to the field directions (as shown in
Table I). This is because the change of B-field direction can
bring about different spin directions and localization for some
states, affect the choice of the candidate initial and final states
for a certain spin function, and may also change the selection
rules between them within the electric dipole approximation.
Nevertheless, it is expected that the cases with more spin-
localized states will provide us more flexibilities to achieve
the desired spin dynamics. For instance, as can be seen in
Table I, the achieved spin functionalities in Fe;O3 are richer
than those obtained in Co;O7 and Ni;Os. Interestingly, when
the B field is along the z axis, we achieve a spin-transfer cycle
which only involves three initial/final states. This sequential
cycle can be easily controlled in experiment and is promising
in the future application of spin shift register [17]. In addition,
compared to the traditional spin transfer, we achieve one
partial demagnetization scenario (for the case when the B
field is along the z axis) and one spin bifurcation scenario
(for the case when the B field is along the y axis) in C03O;r
and Ni3Os;, respectively. These scenarios are significant for
constructing spin logic functionality. Therefore, in the next
section, we will present the dynamics results of the three

types of spin functionalities and inspect their underlying
physics, in the hope of providing some rules of thumb and
guidance for the future experimental realization and device
design.

IV. LASER-INDUCED ULTRAFAST SPIN DYNAMICS

As mentioned in our previous discussion, for the case
when the B field is along the z axis (the coordinate system is
referred in Fig. 1), a spin-transfer cycle, i.e., Fe2 (state |25))
— Fel (state |38)) — Fe3 (state |56)) — Fe2 (state |25)), is
achieved in Fe;O3 [as shown in Figs. 3(al) and 3(a2)]. The
fidelity (which is the occupation of the desired final state)
of each scenario is 98.9%, 94.3%, and 97.2%, respectively,
contributing a total efficiency of 90.7%. The energies, spin
expectation values, spin density, and spin localization of the
three initial/final states are listed in Table II. The energetic
positions of the initial and final states are clearly indicated
in the levels of Fe;0s3, as shown in Fig. 3(a3). As indicated
in Fig. 3(a2), there are only three, two, and two interme-
diate states, respectively, involved in each scenario, which
makes the dynamics behave relatively simply and efficiently
[42]. The energetic positions of these intermediate states are
marked with dashed lines in Fig. 3(a3). Detailed inspection
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TABLE II. Information of the initial and final states (including their energies, spin expectation values, spin density, and spin localization)
for the spin scenarios presented in this paper. Here TM refers to the Fe, Co, or Ni center depending on the structure discussed.

Initial/final Energy Spin density

Structure states (eV) (Sy) (Sy) (S;) ™1 ™2 ™3 Localization
Fe;0s, 125) 0.97 0.00 0.00 —0.50 0.03 0.98 0.02 Fe2

B =(0,0,B,) 138) 1.47 0.00 0.00 —0.86 1.71 0.03 0.06 Fel

|56) 243 0.00 0.00 —0.87 0.08 0.19 1.49 Fe3

Co;07, [10) 0.79 0.00 0.00 —0.62 0.73 0.52 0.52 Col + Co2 + Co3

B=(0,0,B,) |40) 1.99 0.00 0.00 —-0.57 0.08 0.83 0.84 Co2 + Co3
Ni;03, |14) 1.30 0.48 0.10 0.00 0.09 0.26 0.64 Ni2 4+ Ni3

B =(0,B,,0) 128) 1.96 —0.25 —0.55 0.00 0.95 0.01 0.02 Nil

of the absorption of the three initial/final states shows that
for each scenario the involved intermediate states have both
comparable transition peaks with the initial and final states,
thus indicating the transferability of the whole cycle. The
laser parameters of the three sequential scenarios are given
in Table III. As it shows, the laser energies for driving the
three scenarios are 0.50, 0.95, and 1.46 eV, respectively,
which are almost resonant to the respective energy differences
between the initial and final states in each scenario (i.e.,
AE33,25 = 0.50 GV, AE56’38 =0.96 CV, AE56,25 =1.46 CV).
This can occur in the A-process-based transfer scenario where
the initial and final states are neither too far (e.g., above
5.9 eV) nor too close (e.g., less than 0.03 eV); otherwise a
combination of several multiphoton processes will take place
[41] or the laser energy will be determined more or less
as the energy difference between the initial/final and (most
probably the farthest) intermediate states [42,53]. For these
three scenarios, the larger the energy difference between the
initial and final states, the higher the laser energy the process
requires. In addition, a large energy difference can also slow
down the dynamics, making the dynamics [56) — |25) being
the longest. What is more, we find that when we exchange
the initial and final states of each scenario and apply the
same respective laser pulses, all three scenarios are reversible.
The fidelity of each reversed process is almost equivalent to
that of the original one. We attribute this reversibility to the
small number of intermediate states involved and the sym-
metric dynamical behavior of the scenarios, as demonstrated
in Ref. [42]. It should be noted that when the B field is along
the x axis, a spin-transfer cycle is also achieved, but with five

initial/final states [Fel (state |19)) — Fe2 (state |23)), Fe2
(state |42)) — Fe3 (state |33)), Fe3 (state |33)) — Fel (state
|36))], which experimentally is harder to control compared to
the present one.

For C03O§ and Ni3Os, since the states of them with spin
localization in single magnetic atoms are much less than
those in Fe303, spin-transfer cycles have not been found. In
addition, the spin-transfer scenarios from one single magnetic
center to another single magnetic center are also less (only
one transfer scenario can be achieved in Niz;O; when the B
field is along the z axis, as shown in Table I). Interestingly,
we achieve a partial demagnetization scenario (spin transfer
from state |10) with spin equally distributed in three cobalt
atoms to state |40) with spin localization in both Co2 and
Co3) in Co307 and a spin bifurcation one (spin transfer from
state |28) with spin localization in Nil to state |14) with spin
localization in Ni2 and Ni3) in Ni3O3 by applying the B field
along the z axis and along the y axis, respectively. The former
is a direct process without any intermediate states involved,
and the latter one is a A process where there are eight
intermediate states participating. The dynamics is shown in
Figs. 3(b1) and 3(b2). The corresponding fidelity is 91.4% and
almost 100%, respectively. The initial and final states of the
two scenarios are indicated in their respective SAC-CI level
diagrams [Fig. 3(b3)], of which the energies, spin expectation
values, spin density values, and spin localization are listed in
Table II. Clearly, due to the cooperative effects of different
atomic species and different numbers of electrons and basis
functions, the levels of these two structures, with larger energy
gaps, expand more broadly than Fe;Os3.

TABLE III. The optimized parameters of the laser pulses for the achieved ultrafast spin dynamics 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
0 ¢ y Amplitude FWHM Energy
Structure Process (deg) (deg) (deg) (a.u.) (fs) €V)
Fe;03,B = (0,0, B;) [25) < |38) 136.0 227.3 1.7 0.004 222.1 0.50
|38) <> |56) 170.1 229.8 227.8 0.006 2234 0.95
|56) <> |25) 179.9 117.1 359.1 0.002 468.1 1.46
Co3;07,B = (0,0, B.) [10) < |40) 163.0 34.6 115.3 0.007 317.1 1.20
NizO3, B = (0, By, 0) [28) — |14) 144.1 207.0 160.1 0.007 369.1 0.66
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It is found that the laser energy for driving the bifur-
cation of NizO3 is lower than that for driving the partial
demagnetization in C03O§r (as can be seen in Table III). In
addition, the FWHM is a little larger than that of C03O§r,
indicating the fact that more intermediate states may slow
down the dynamics process. However, the most obvious effect
of the intermediate states is that they decrease the efficiency
of the reversed process in NizO3. As shown in Fig. 3(bl), by
using the same laser parameters for the spin bifurcation of
Ni3 O3, its reversed process, i.e., spin transfer from state |14)
to state |28), achieves only a 61.2% fidelity, in which case we
name it a quasireversible process. This might be used for the
ERASE functionality [21] or for preparing a specific state as
the initial state. About the quasireversibility, our study shows
that, with the involvement of 14 intermediate states for the
reversed process, the system goes over to a linear combination
of states |28) and |13) with final occupations 61.2% and 36%,
respectively. This indicates that the initially occupied state
has been partially merged and partially flipped (since state
[13) stems from the same triplet term as state |14) but with
opposite spin direction). The latter occupation is also close to
the fidelity 42.7% of the spin flip from state |14) to state |13),
for which most of the intermediate states coincide with the
aforementioned 14 intermediate states.

V. SUMMARY

Using high-level quantum chemistry calculations, we in-
vestigate the structures, infrared spectra, and spin properties
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of triplet TM3O(3)/ + (TM = Fe, Co, Ni) clusters, and predict
various ultrafast laser-induced spin dynamics scenarios. The
following conclusions can be drawn.

(i) The spin properties of the structures change with the
B field. For the ground states of the three clusters, the in-
plane easy axes, determined from the spin magnitudes or the
ground-state energies by scanning all the B-field directions
within the molecular plane, are found to be different. When
increasing the strength of the B field, the spins tend to align
with its direction. It turns out that the Co3OF cluster is
the easiest one to be magnetized due to its relatively large
spin magnitudes and most sensitive response to the B-field
direction, Ni3Oj is the hardest one, and Fe;O5 lies in between,
which is also confirmed from their respective magnetization
curves.

(i1) The spin localization of the clusters is both structural
and B-field-direction dependent. For the structural effect,
within the same B field, the amount of spin-localized states
follows the order Fe > Co > Ni. It is found that normally
the more spin-localized states the system possesses, the more
spin functionalities it supports. For the B-field effect, since
spin magnitudes and directions are subjected to the B-field
direction, the spin-localized states of the same cluster under
different field directions may be different. It turns out that the
spin-localized states of Fe303 and Co3O7, when the B field is
along the x axis, are more than those when the B field is along
the y axis, and the spin-localized states of Fe;O3 and Ni;O3
when the B field is parallel to the molecular plane are more
numerous than when the field is perpendicular to it, which
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FIG. 4. The polar plots of the ground-state energy shifting of the three structures under different B-field directions in the molecular plane
[denoted by (90°, ®)] with four different field strengths of 0.1By (circles), By (triangles), 5B, (squares), and 108, (diamonds).
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can be attributed to the fact that the former B-field direction in
each case breaks the structural symmetry more significantly.

(iii)) Among the various achieved laser-induced ultrafast
spin-transfer dynamics, a spin-transfer cycle in Fe;O3, a par-
tial demagnetization process in Co; O;, and a spin bifurcation
scenario in Ni3Oj3 are presented and analyzed, respectively. It
is found that the smaller the number of the intermediate states
involved, the easier for the dynamics to go backward under
the same laser pulses. Due to the well-localized and evenly
distributed spin states, we conclude that the iron-containing
clusters have more extensive applications and greater potential
in future logic operations because it is easier to control their
spin and exhibit more spin functionalities.

These results provide a deep insight into the spin
properties of the trinuclear transition-metal oxides and help
to understand the varieties of ultrafast spin functionalities in
them and even larger TM oxide systems. It is expected that
the present investigation will stimulate the realization of these
prospective functionalities and serve as a useful reference for
the related molecular spintronics device applications in the
future.
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APPENDIX

As stated in the text, the in-plane easy and hard axes can
also be determined from the energy shifting of the ground
states of the three clusters with the change of ®, which is
detectable in experiment. The results under four different
B-field strengths for each cluster are given in Fig. 4, from

1.0} | —=—Fe,0,

—e— (C0,0,)’
0.8} | ——Ni,O

3”3

0.6

S|

04+F

0.2}

0.0F

10*  10®* 102 10" 10° 10" 10® 10°
B/B

FIG. 5. The spin magnitudes for the ground states of the three
clusters for different B-field strengths B/B along the directions of
their respective in-plane easy axes [i.e., (®, ®) = (90°, 120°) for
Fe;03, (0, ®) = (90°,0°) for Co;07, and (O, ®) = (90°, 82.5°)
for Nl3 O}]

80 100 120 140
© (degree)

60

60 80 100 120 140 160 180
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FIG. 6. The spin magnitudes for the ground states of the three
clusters for different B-field directions. The B-field strength is chosen
as 0.1B, for Co;07 and B, for Fe;0; and Ni;Os.

which one can clearly see that the in-plane easy (the directions
where the shifting values are lowest) and hard (the directions
where the shifting values are the highest) axes are the same
as the ones obtained in Figs. 2(al)-2(a3). Here, the plots for
each structure are split into four subfigures for reasons of
distinguishability.

To understand why the spin magnitudes for the ground
states of the three clusters are markedly different and the
spin directions follow different paces under the same B-field
strength as shown in Fig. 2, we plot the magnetization trends
under different B-field strengths in the directions of their
respective in-plane easy axes. The results are given in Fig. 5.
Clearly, the responses of the three clusters in their ground
states to the field strength are asynchronous. Specifically, the
ground state of Co3;O turns out to be the easiest one to
get magnetized even under small B-field strength since it can
be almost saturated at the field strength of 0.1By. This can be
also seen from the overall large spin magnitudes in Fig. 2(a2)
under the four different B-field strengths and the almost linear
dependence of its spin directions on the B-field direction for B
equal to 10By in Fig. 2(b2). For the ground state of Ni; O3, the
threshold B-field strength for its saturation is around 10B,,
and thus is considered as the most difficult one. For Fe;05,
the threshold B-field strength for saturation lies in between.
Again, we emphasize that these are only for the ground states;
they do not represent the trends of their excited states.
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By scanning all the possible B-field directions, the global
easy and hard axes of the ground states of the three clusters
can be determined. The results under the B-field strength of
0.1By for C03O3+ and By for Fe;03 and Ni3O3 are shown in
Fig. 6, from which one can promptly see the approximate
global easy and hard axes: The global easy axes (which
correspond to the directions where the spin magnitudes are
maxima) of Fe;0s, CosOF, and NizOj; are around (®, ) =
(90°, 120°/300°), (®, ®) = (90°,0°/180°), and (®, P) =
(90°, 82.5°/262.5°), respectively, and the hard axes (which
correspond to the directions where the spin magnitudes
are minima) are around the z axis, z axis, and (®, ®) =
(90°, 172.5°/352.5°), respectively.

Here, since the directionally dependent changes of spin
magnitudes for C03O§* under the B-field strength of By are
not clear enough to resolve [e.g., the circle-shaped |S|-®
plot in Fig. 2(a2)], it is not reliable to determine its global
easy and hard axes under such a saturated B-field strength
(which is also true for the cases of Fe;03 and Ni3;O3z under
the field strength equal to or larger than 10By and 50B,
respectively). Thus, a moderate strength of 0.1B( is cho-
sen for C03O§r in Fig. 6. Actually, the easy/hard axis of
each cluster is always the same when choosing smaller field
strength, e.g., for the cases of the strength equal or smaller
than 10By, 0.5Bg, and 50B; for Fe;0s, C03O§“, and Ni;03,
respectively.
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