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By using the high-level quantum chemistry method, we investigate the electronic and magnetic properties of
Ni substituted polyacene structures as well as the laser-induced ultrafast spin dynamics and related spin logic
gates. It is found that among the 61 lowest many-body states for each structure, the states with spin localized
on a single magnetic atom mainly concentrate in the lower-energy region, while the states with spin localized
on fused benzene rings are located in the higher-energy region. As the acene length becomes longer, the amount
of states with spin localization on Ni atoms increases and the possibility of finding states with spin localization
on benzene rings gets larger. Through the exploration of laser-induced spin dynamics in these structures, we
find that different structures achieve different types of spin-transfer scenarios. Especially, although there exist
several states with spin localization on different magnetic atoms for all the structures, the transfer between the
two Ni atoms via one A process is only achieved in Niy(C;gHjp), Ni»(CoHy), and Nip (CsgHyg). However, the
indirect transfer between two Ni atoms is possible through several bridging A processes. Based on the achieved
spin scenarios and by appropriately defining the bit information according to the spin localization and directions
of the initial and final states, two types of ultrafast spin logic gates, i.e., SWAP and XOR, are constructed.
The results obtained in these carbon-based magnetic structures provide valuable insights into their electronic
structures and ultrafast spin manipulation and show their potential applications in future molecular spintronic

devices and quantum computing.

DOI: 10.1103/PhysRevB.109.064419

I. INTRODUCTION

Recently, exploiting the spin degree of freedom as an in-
formation carrier in addition to the electronic charge to store
and process information becomes increasingly appealing in
today’s (nano)spintronics technology. The related spintronic
devices possess the properties of high density, low power con-
sumption, and nonvolatility, and thus hold much promise in
logic functionality and device applications [1,2]. Meanwhile,
inspired by the laser pulse induced ultrafast demagnetiza-
tion phenomenon observed in 1996 [3], optically driven spin
dynamics has received extensive attention due to its great
potential in the ultrafast information processing and logic
computing [4—10]. Therefore, towards the goal of developing
another generation of spintronic devices with advancing fast
response and extraordinarily large capacity and wider applica-
tions in quantum information and computing, seeking suitable
magnetic molecular materials with attractive properties and
functionalities for realizing specific ultrafast spin dynamics
whose efficiency and performance can be engineered by ex-
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ternal stimuli (such as laser pulses) becomes one of the most
intriguing and blossoming scientific issues.

Among various fascinating candidate systems towards
molecular spintronics, polycyclic aromatic hydrocarbons con-
sisting of linearly fused benzene rings, the so-called n-acenes
species (C4n12Hz,44), hold much promise owing to their
unique structural geometries and electronic features [11-17].
Polyacenes are halfway between 2D graphene nanoflakes
[18] and 1D polyacetylene chains [19], and therefore ex-
hibit advantages from both worlds. They are relatively easy
to manufacture and they have a flat geometry (unlike poly-
acetylene chains, which can be easily bent and twisted, and
thus their long-range conjugation can be disrupted [20,21]).
Furthermore, one can synthesize long nanoribbons [22,23],
even with bifurcations [24], and thus they can conceptually
be used as a basis for complex stable integrated nanospin-
tronic devices. Different n-acene series, such as naphthacene
(CigHy»), pentacene (CxHj4), hexacene (CosHjg), heptacene
(Cs0Hyg), octacene (CzsHyp), nonacene (CsgHy,), and de-
cacene (C4Hyy), have attained tremendous experimental and
theoretical consideration with respect to their synthesis, sta-
bility, and spectroscopic, electronic, and magnetic properties
[25-33]. Several conjugated m-electron system-based field-
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effect transistors and organic photovoltaic cells have also been
proposed and constructed [34,35] by utilizing their high field
effect, long exciton diffusion length, and well tunable photo-
physical properties.

As for the magnetic property, the diversity of magnetism
in these structures and the length effect have been investi-
gated. For instance, the shorter acene (with n less than six)
have been shown to hold a singlet state [36,37]. A magnetic
ground-state configuration for longer acene molecules (with n
more than seven) has been attained by Jiang and Dai [38]. The
findings that larger oligoacenes possess an open-shell singlet
ground state (i.e., antiferromagnetic) has also been proposed
in Refs. [38,39]). Recently, a nonmagnetic-antiferromagnetic
(NM-AFM) ground-state transition in polyacenes was found
at a critical length of n=7 rings and the mechanism of this
length-induced magnetism was also analyzed [40]. To further
tune their magnetic properties for prominent and designated
performance and to enrich the applications broadness, the
research into hybrids of magnetic metal species and these
m-functional materials, known as magnetically functionalized
carbon-based nanostructures, has become an intriguing topic
for next-generation spintronic devices. For example, Muz
et al. investigated the structural and optoelectronic properties
of 3d-transition metal (Cu, Fe, Mn, Ni, V, and Zn)-doped
pentacene 7 -conjugated organic molecules [41] by using the
density functional theory (DFT), and found that the HOMO-
LUMO band gap (i.e., the gap between the highest occupied
molecular orbital HOMO and the lowest unoccupied molec-
ular orbital LUMO) of V-doped compounds considerably
decreases (which thus is more conductive) compared to that of
pentacene, while the Ni-doped pentacene possesses a higher
band gap and thus higher chemical reactivity. Using the
nonequilibrium Green’s function formalism in conjunction
with DFT method, the spin-dependent transport on Ni-(n-
acene)-Ni (n = 1 ~ 15) junctions has been explored [42]. The
results showed that the induced magnetic moments of small
acene molecules were higher than those of longer acenes,
and concluded that the spin-dependent electron transport can
be engineered by an appropriate choice of the metallic elec-
trodes and the change of the size of n-acene molecules. In
addition, through the investigation of the electronic structure
and transport properties by using the similar method, the
system Au/n-acene/Au was found to be capable of acting
as an efficient spin filter with potential application in organic
spintronics [43].

All the above works made great contributions to a sys-
tematic and comprehensive understanding of the properties of
n-acenes species and show their tremendous potential applica-
tions in high-performance molecular magneto-electronics or
spintronics. However, the ultrafast spin manipulation, which
is significant for the design of nanospintronic devices and
future high-speed spin logic gates and microchips, is still
largely unexplored. Previously, we have investigated the ul-
trafast laser-induced spin transfer on a zigzag carbon chain
with Ni atoms attached at each end, and found the conjugated
C—C bonds allow for spin transfer at a distance comparable to
the CMOS (i.e., complementary metal oxide semiconductor)
scale [44]. In the present paper, we continue our system-
atic study of carbon-based structures which can physically
interconnect active magnetic-logic centers [44-47], inves-

tigating the electronic structures, magnetic properties, and
laser-induced ultrafast spin dynamics as well as logic func-
tionality in molecular systems Ni-(Cy,42H2,42)-Ni (n=4-9).
Here, different from the case in which the two 3d transition
metals (TM) are separately doped on the meso-point of the
pentacene [41], the configuration with two distal H atoms of
the linearly fused benzene rings substituted by two Ni atoms
is considered. Such structural constituent acts much closer to
practical device since the linearly fused benzene rings can
serve as spin or charge transmission vessel in carbon-based
spintronics and circuits.

The rest of this paper is organized as follows: the the-
oretical method of our research is introduced in Sec. II.
Section III presents the geometric configurations and features
of the complexes, followed by the analysis of the electronic
structures and spin localization in Sec. IV. Then, the results of
several spin-transfer scenarios achieved in specific structures
are demonstrated and analyzed in Sec. V, based on which in
Sec. VI the spin logic gates are constructed. The summary of
our work is given in Sec. VIIL.

II. THEORETICAL METHODS

By using the GAUSSIAN 16 package [48], we perform the
Hartree-Fock (HF) calculation for geometric optimization and
the subsequent infrared spectra calculation for the confirma-
tion of their stability. To keep the balance between calculation
cost and accuracy for such strongly correlated systems, the
Los Alamos basis set with scalar relativistic effective core
potential (e.g., Ni [8s5p5d/3s3p2d]) for the Ni atoms and
STO-3G for the C and H atoms are chosen [49]. To provide
a more accurate, high-level description of the electronic struc-
tures, the symmetry-adapted cluster configuration interaction
method (SAC-CI) is adopted [50]. In this method, the wave
functions take the multideterminantal form and include vari-
ous virtual excitations which enable to take both the static and
dynamical correlations into account on an equal footing. Here,
the former correlation is related to magnetization and the latter
is responsible for charge transfer and optical activity, and thus
is essentially important for the optically driven ultrafast spin
dynamics. The choice of such a combined basis set within our
high-level correlational method has been applied in various
large magnetic systems, such as ligand-stabilized complexes
[51,52], Ni/Co adsorbed graphene nanoflakes [46,47], and
endohedral metallofullerenes [53], and proven to be reliable.

Then, the spin orbit coupling (SOC), the two-electron con-
tributions of which are accounted for by the effective charges
[54] and an external static magnetic field (with a strength of
10~ atomic units) are considered. At this stage, the degen-
eracy of the states are lifted due to the cooperative effects
of zero-field splitting and the Zeeman effect, and therefore
the different substates from the same triplet terms can be
energetically distinguished and explicitly addressed.

Under the influence of the time-dependent laser pulse, the
many-body states are propagated as follows:

dc(t) i - i(Ee
= — LS W HO W e ()e ECE
o p Ek (WalH (1) Wi)ci(r)e (1

where ¢, (t) is the cAoefﬁcient of stateA\ll”, E, is the energy
of it, and H(t) =D - Eju () with D being the electric-
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FIG. 1. The optimized geometries of (a) Niz(C]gH]o), (b) Niz(szH]z), (C) Niz(C26H14), (d) Niz(C30H16), (e) NiQ(C34H18), and (f)
Ni, (C3sHag). The two bonds (in A) between Nil /Ni2 and the adjacent C for each structure are marked.

dipole-transition operator, and Ej(t) = Eoei(k‘7’w’ ) being
the time-dependent electric field of the laser pulse. By choos-
ing appropriate initial and final states with different magnetic
properties, some specified functional spin dynamics (e.g., spin
flip for which the initial and final states possess opposite spin
directions, spin transfer for which the initial and final states
exhibit different spin localizations) are explored through the
A process (i.e., a two-step transition process consisting of
the excitation from the initial state to the intermediate states
and the subsequent deexcitation from the intermediate states
to the final state) [55]. The equations are numerically solved
using the fifth-order Runge-Kutta method combined with the
Cash-Karp adaptive step size control [56], and during this
step the self-programmed, largely flexible genetic algorithm
is applied to effectively optimize the laser parameters (includ-
ing the laser energy Ej,r, amplitude Ey, full width at half
maximum FWHM, direction angles 6 and ¢, and polarization
angle y) [57]. Here we note that for the linearly polarized laser
pulse Ej,q(¢) used in our paper, its energy is given through
frequency w, FWHM is determined by the pulse envelope, and
the definition of the three angles can be found from the sketch
of the coordinate axes adopted in the computation of laser-
structure interaction in Ref. [58]. More details about the theo-
retical method can be found in our previous work [51,59,60].

III. GEOMETRY AND STRUCTURAL PROPERTIES

The optimized geometries of Ni-(Cgy,42Hz,42)-Ni com-
plexes (n =4 ~ 9) with two distal H atoms substituted by
two Ni atoms at the same side obtained at the HF level
are shown in Fig. 1. Here we tried both the symmetric and
asymmetric configurations (with respect to the bonds C-Nil
and C-Ni2) and found that except for Niy (CyyHj»), for which
the symmetric configuration (with the bond lengths of C-Nil
and C-Ni2 equaling 1.871 A) is lower than the asymmetric
case by 0.35 eV, all the other five structures are more stable
with asymmetric configurations. Considering the fact that the
symmetric configuration of Niy(CyH/;) does not satisfy the
prerequisite of transferring spin in the pursuit of potential

spin functionality due to the indistinguishability of the two
magnetic atoms [61], we choose the stable asymmetric config-
uration of it to demonstrate in this paper. As shown in Fig. 1,
all structures exhibit the same symmetry of C;, with the C-H
bond lengths between 1.082 and 1.091 A (close to the C-H
length of 1.084 A in benzene). The C-Nil and C-Ni2 bonds
of almost all structures are in the ranges of 1.960 ~ 1.963 A
and 1.942 ~ 1.944 A, respectively, indicating the inequality
of the two Ni atoms, which can further induce the different
spin localization of them (which for sure holds for the shortest
structure that exhibits the largest bond difference between the
two Ni atoms). We also note that the planar geometry of each
n-acene molecule after substitution with two Ni atoms is not
destroyed. This is also the case for Fe-(n-acenes)-Fe and Co-
(n-acenes)-Co, which are not considered due to the symmetric
TM-C bonds at the ends of each structure. However, when the
two substituted TM atoms are different, the geometry of each
n-acene molecule will be distorted and become nonplanar due
to the asymmetry caused by heteronuclear magnetic atoms.

By inspecting the HOMO-LOMO gaps of the six structures
(detailed information can be found in the Appendix), we find
that the gap values of Ni-(Cg,42Ho,42)-Ni are 2.402, 2.009,
2.021, 2.068, 2.143, and 2.213 eV, respectively, which keep
almost unchanged irrespectively of #, this is different from the
case that the gap of the pure Cy,1,Hj,+4 molecule decreases
as n increases [38]. It should also be noted that, for each
structure, the substitution of two Ni atoms makes the HOMO-
LOMO energy gap shrink (by about 4 ~ 6eV) compared to
the corresponding Cy,42Hy,+4 molecule, indicating the prop-
erty modification by the introduction of magnetic atoms.

We also perform the calculation of the infrared spectra,
and find that no imaginary frequency values exist, which thus
verifies the stability of the above geometries. In addition,
the results show that the spectra features of all six structures
exhibit similarly. The frequency values (not scaled) of their
normal modes with relatively high intensity are mainly located
at three regions: 1321 ~ 1524 cm™!, 1541 ~ 1981 cm™!, and
3537 ~ 3731 cm~!. The spectra in the former two regions
correspond to the modes of C-C stretching and C-H in-plane
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FIG. 2. (a)—(f) Low-lying electronic states of the six structures
obtained from the SAC-CI method after the inclusion of SOC and the
magnetic field along the x axis (i.e., along the carbon chain, as shown
in Fig. 1). For each structure, the red solid, blue dashed, and cyan
dotted lines represent the states with spin singly localized on Nil,
Ni2, and carbon chain, respectively, the green dashed-dotted lines
are states with spin doubly localized on both the Nil/Ni2 atom and
carbon chain, and the black solid lines denote the nonlocalized states.

bending, and the third region relates to the C-H stretching.
The modes concerning the vibrations between Ni atoms and
n-acene molecules are all below 600 cm~! with much lower
intensity.

IV. ELECTRONIC STRUCTURES AND SPIN
LOCALIZATION

Based on the HF wave functions, the more accurate elec-
tronic states that include correlations are obtained by the
subsequent SAC-CI calculation. Each state is constructed by
the linear combination of various determinants based on nu-
merous virtual excitations. To help readers understand more
clearly, the main single and double virtual excitations (with
coefficients above 0.100) that contribute to the ground state
for each structure are listed in the Appendix, from which we
see that the dominant determinant (the one with the largest
coefficient) for each ground state comes from single excita-
tion. However, this does not mean the double excitations with
smaller coefficients are trivial because they can prevail with
the large amount of related determinant terms.

Figure 2 shows the lowest 61 ground and excited states of
the six structures obtained by the SAC-CI method after the
inclusion of SOC and an external magnetic field along the x
axis. The level distributions for the magnetic field along the
y or z axis are almost the same as Fig. 2 since the direction
hardly affects the energy values of the states, and thus are
not shown here. Clearly, within the calculation window, the
level expansions of six structures are all below 4 eV and
overall locate similarly in three regions: the concentratively
distributed region below 0.61 eV (region I), the region
ranging from 0.74 to 1.35 eV (region II), and the dispersively
distributed region above 1.36 eV (region III). Here, the
classification of these three regions is not merely based on the
energy location of the states but also their spin localization
features (see the later discussion).
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()
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FIG. 3. The number of five types of different spin-localized
states for each structure under B field in the x (a), y (b), and z
(c) directions, respectively.

Although the level distributions of the structures are in-
dependent on the magnetic-field (B-field in short) direction,
the spin localization of them is quite closely related to the
B-field direction due to the anisotropic nature of the structures
and exhibits different features. Here, we plot the detailed spin
localization of the six structures under three B-field directions
of x, y, and z axes in Fig. 3. For each of the structures, the
states are divided into five categories according to the Mul-
liken spin-density values: states with a spin singly localized
(with spin-density value on single atom (or n-acene molecule)
above 1.2 and percentage value above 80% of the total density
value) on Nil, Ni2, and Cy,12H>,2, respectively, states with
spin doubly localized (with the sum of the two almost equal
spin-density values above 1.2 and percentage value above
80% of the total density value) on two parts (abbreviated by
DL), and the nonlocalized spin states (abbreviated by NL). As
can be seen in Fig. 3, the spin localization of each structure
when the B field is applied along the x direction is similar to
that when the field is along the y axis (however, note here that
it does not mean the localized states are correspondingly the
same). While for the case when the magnetic field is applied
perpendicularly to the structural plane (i.e., the z axis), the
amount of the singly localized states on Ni atoms noticeably
decreases and the amount of the nonlocalized states increases.
It should be noted that, except for Niy(C;gHj), all the other
structures possess a certain fixed amount of states with spin
localized on n-acene molecule. This strong spin localization
on the carbon chain bridges, which has not been especially
concerned in our previous investigation of carbon-based mag-
netic structures [44,46,62], can provide additional channels
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for spin and charge transfer and thus holds much promise
in future spin logic and quantum circuit. In addition, as the
carbon chain length becomes longer, the summed amount
of the states with spin localization on Ni atoms increases
irrespectively of the direction of the magnetic field. For the
case when the magnetic field is along the z axis, the amount
of the states with spin localized on carbon chain for the latter
four structures keeps unchanged with the increase of benzene
rings.

One can also notice from Fig. 2 that the states with spin
singly localized on Nil or Ni2 (red solid and blue dashed
lines) mainly concentratively locate in region I, region II ac-
commodates only the nonlocalized states (black solid lines),
and all the states with spin singly localized on linearly fused
benzene rings (cyan dotted lines) lie in region III. For instance,
for the longest structure Ni, (C33Hyg), among all the 16 states
with spin singly localized on Nil/Ni2, 75% of them lie in
region I, 13 out of 30 nonlocalized states are in region II as the
unique localization type, and all four states with spin singly
localized on carbon chain are in region III. Especially, for
region I, detailed inspection shows that the level interspersing
for such chainlike 7w conjugated systems is quite strong (see
the latter discussion). All these features will affect the choice
of the candidate initial and final states for certain spin dynam-
ics and thus the realization of the related spin functionality, as
discussed in the next section.

V. ULTRAFAST SPIN TRANSFER DYNAMICS

For the realization of spin logic functionality and informa-
tion transmission towards spintronic devices application, in
addition to the function of spin flip (which has been achieved
in all of these structures), the ability of transmitting spin from
one site to another site (through the spin-transfer dynamics) is
also one significant and indispensable prerequisite. In this sec-
tion, three types of spin-transfer scenarios will be discussed,
i.e., (1) Nil < Ni2, (2) Nil/Ni2 <> Cgp42Ho,42, and (3) Nil
< .- < Ni2. Here, < <> means the indirect spin
transfer between Nil and Ni2 facilitated by several bridging
A processes.

For the first type, the transfer between a state with spin
localization on Nil and a state with spin localization on Ni2 is
achieved in three structures, i.e., Nio(CigHjp), Niy(CooHy»),
and Niy(CsgHyg), as shown Figs. 4(a)-4(c). Here, we take
Fig. 4(a) as an example to illustrate the spin-transfer scenario
in detail. The initial and final states are states |9) (with spin
localization on Nil since the spin-density values on Nil, Ni2,
and naphthacene are 1.751, 0.008, and 0.055, respectively)
and |61) (with spin localization on Ni2 since the spin-density

TABLE 1. Information of the initial and final states (including their energies, spin expectation values, spin density, and charge density) of

the A processes shown in Fig. 4.

Initial /final Energy Spin components Spin density Charge density
Structure states eV) (Sy) (Sy) Nil Ni2 n-acene Nil Ni2 n-acene
Ni»(Ci3Hyp) 19) 0.292 0.828 0.2751 0.000  0.008 1.751 0.055 —0.278 —0.601 0.879
|61) 3.367 0.846 0.246 0.000 1464  0.010 0.382 —0.244 —0.639 0.882
Ni, (CyHjy) |5) 0.075 0.637 0.361 0.000 1.459  0.001 0.047 —0.501 —-0.614 1.115
|20) 0.270 —0.773 0.525 0.000  0.000 1.855 0.063 —0.543 —0.570 1.113
Ni,(CsgHay) [1) 0.000 —0.698 —0.377 0.000 1.568 0.000 0.056 —0.540 —0.654 1.194
[13) 0.172 —0.740 0.533 0.000  0.000 1.791 0.064 —0.586 —0.595 1.181
Ni» (C»nHj») |49) 1.910 0.747 —0.441 0.000  0.288 0.021 1.528 —0.314 —0.594 0.908
|61) 3.165 0.940 —0.001 0.000 1.731 0.018 0.190 —0.359 —0.632 0.990
Ni, (CysHi4) |44) 1.834 —0.909 —0.033 0.000 0.034 0.022 1.849 —0.594 —0.567 1.161
|59) 3.134 —0.684 0.022 0.000 1.588 0.007 0.059 —0.529 —0.629 1.158
Ni,(CsgHayp) |38) 1.364 —-0.921 0.052 0.000  0.007 0.006 1.908 —0.587 —0.649 1.235
|50) 2.689 —-0914 0.134 0.000 1.735 0.003 0.183 —0.428 —0.657 1.085
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TABLE II. The parameters of the optimized laser pulses for the ultrafast spin-transfer scenarios in Fig. 4. Here 6 and ¢ denote the angles
of the incidence in spherical coordinates, y is the angle between the polarization of the light and the optical plane, and FWHM is the full width
at half maximum of the laser pulse. For each process, the localization change, the energy difference between the initial and final states, and the

fidelity value are also given.

Laser parameters

A process Localization change Fidelity  Egna-Einiiat~ Elaser  Amplitude  FWHM 6 ) y

(%) (V) (eV) (au.) (fs) (deg) (deg) (deg)
A1 Niy(CigHyp) [9) (Nil 1) — |61) (Ni2 1) 81.8 3.074 1.030 0.0086 326.4 22.8 66.8 1834
A2 Niy(CyHj,) [5) (Nil 1) — ]20) (Ni2 1) 81.8 0.195 0.200 0.0083 4722 269.0 3169 157.6
A3 Ni,y(CsgHyg) [1) (Nil }) — [13) (Ni2 |) 85.1 0.172 0.040 0.0084 478.9 25.5 68.8 247.0
A4 Nip(CpHpp)  49) (pentacene 1) — |61) (Nil 1) 80.2 1.254 1.048 0.0059 478.9 95.0 258.8 46.5
A5 Nip(CysHyy)  |44) (hexacene |) — |59) (Nil |) 85.9 1.300 1.300 0.0081 428.0 83.7 294 2042
A6 Niy(CsgHyy)  |38) (nonacene | ) — [50) (Nil |) 90.9 1.325 1.310 0.0091 350.2 289.0 46.7 29.1

values on Nil, Ni2, and naphthacene are 0.010, 1.464, and
0.382, respectively), respectively, the detailed information of
which can be found in Table I. Under the influence of the
appropriate laser pulses (the parameters of which are given
in Table II), the occupation probability of the initial state |9)
gradually decreases down to 0%, and the occupation proba-
bility of the final state |61) gradually increases up to 81.8%,
which indicates the spin transfer from Nil ro Ni2 is achieved.
The whole process lasts around 0.4 ps, which is determined
by the time duration between when the probability of the
initial state starts to decrease and when the final state starts
to achieve the desired steady probability. Here we note that
this time duration is not merely determined by the laser du-
ration (which relates to laser parameter FWHM, and smaller
FWHM. e.g., 100 fs, normally achieves faster dynamics than
the one with larger FWHM, e.g., 500 fs), but also affected
by the involvement of the intermediate states (especially for
the cases when the FWHM values are close to each other)
since more intermediate states can give rise to more strong
oscillations and complexities and thus slow down the process.
This can be clearly seen from Figs. 4(c) and 4(d). The detailed
information of the involved initial and final states in the other
two scenarios can be found in Table I.

Although candidate initial and final states with different
spin localizations on magnetic atoms exist in other structures,

due to the absence of appropriate intermediate states or un-
balanced transitions of the two branches of the A process to
facilitate [61], this type of spin transfer has not been found
within our calculated energy window. Another non-negligible
reason in some cases comes from the fact that there exists
strong level interspersing of states (due to the cooperative ef-
fects of SOC and dense energy distribution) originating from
different triplet terms. Here, we take one of the failed spin-
transfer scenarios for structure Ni,(C39Hj6) as an example to
illustrate, as shown in Fig. 5(a). The candidate initial and final
states are chosen as states |12) (with spin localization on Ni2)
and |13) (with spin localization on Nil), respectively. Clearly,
after the propagation the system does not go to the targeted
state |13) but mainly ends up with a linear combination of
states |12) and |14). The absorption spectra of the candidate
initial and final states are shown in Fig. 5(b), in which the
abscissa denotes the energy positions of the 61 states for
structure Niy(CsoHjg), the ordinate represents the oscillator
strength (in logarithmic scale with arbitrary units [51] with
a Gaussian broadening of 0.01 eV), and the existence of the
peaks indicates that the allowed transitions occur between the
specified states (either the initial or the final states) and the
other states (i.e., intermediate states). One can see that there
indeed exist several common intermediate states that have
both transitions with states |12) and |13) in the energy region

7
1.Op-------- . R
[12) (NiZl)‘\ ® g 0.01y (b) ——————— |15) (localization: Nil) )
' N2ty | 8 --e- 12y (Ni2LE 0174
o . 9 @2h |7 — 13) (Nilb)| S
.2 ", < 0.001 o
3 0.5 : ep >
(=Y 3 S &6 |
§ |28>\ 3 " S 5 1x10-41 1 0.173 |14) (localization: Ni2)
) [13) (Nill) S '."‘,"" § = [13) (localization: Nil)
. =
0.0 .‘ 'T'g Ix10-5 ) . 0172k [12) (localization: Ni2)
—800 —400 0 400 800 © 0 2 3
Time (fs) Energy (eV)

FIG. 5. The analysis of the failure of the transfer scenarios for the first type during region I. (a) Absorption spectra of states |12) and |13)
for Ni,(C39Hj¢). (b) Time-resolved occupation of the involved states for the dynamics with states |12) and |13) as the initial and final states,
respectively. (c) Magnification of the levels in the range of 0.1719 ~ 0.1745 eV with the states and the localization for spin-localized states

clearly marked.
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of 0.92 ~ 1.12eV, however, their strengths differ by more
than two orders of magnitude, which brings about difficulties
for the realization of the corresponding transfer dynamics via
the A process. To see how the dynamics goes to state |14)
instead of |13), we magnify its energy region of 0.17207 ~
0.17432¢eV to inspect the level interspersing in detail. As
shown in Fig. 5(c), substates |12) and |14) (originate from
the fourth triplet term) and substates |13) and |15) (originate
from the fifth triplet term) are closely interlaced, with the time
evolution the system prefers to reach state |14) (which cor-
responds to spin flip) rather than |13) (which corresponds to
spin transfer). The reason is that the A process is more easily
realized if its two branches are symmetric [61], especially for
the case of |i,,—=1) <> |fin,=—1) with the initial and final states
originating from the same triplet term but possessing opposite
spin directions under the participation of several intermediate
states |inter,, i 0,—1) (Without which the direct transition is
optically forbidden within the electric dipole approximation).
We also note here that for the two states which are energet-
ically close enough, this indirect transition channel (i.e., the
A) can also be faster compared to the direct transition.

For the level interspersing phenomenon in these structures,
trials of decreasing the strength of the external magnetic field
also have been made. However, it shows that the crossing still
exists even when the field strength goes down to 1078 a.u.
(note here that the field strength smaller than this value cannot
distinguish spin-up and spin-down states anymore because
of the negligible Zeeman splitting). The same situation also
appears in carbon chain structures [44]. We attribute this to
the intrinsic nature of this kind of fused linear structures since
usually chainlike structures possess high symmetry (although
reduced by the introduction of magnetic atoms), which can
bring about higher degeneracy of the states.

For the second type, the spin transfer between Nil (the
one has a longer Ni-C bond of 1.96 A compared to Ni2) and
C4n+2Ho,+2 molecules is obtained in structures Niy (CyrHj»),
Niz(C26H14), and Nig(C3gH20), as shown in FIgS 4(d)—4(f)
As mentioned previously, these structures possess spin-
localized states on n-acene molecule. The realization of such
a transfer scenario is believed to be promising in carbon-based
spintronics since the long-distance carbon chain serves as spin
communication transmitting spin flows like currents in an
electronic circuit.

It should be noted that, usually, the laser energy for spin
transfer is largely determined by the energy difference be-
tween the initial and final states, which is true for processes
A2, A4, AS, and A6 listed in Table II. Here, the laser energies
are noticeably lower for processes A1l and A3. The reasons
can be attributed to the involvement of several intermediate
states with relatively high occupation probabilities during the
evolution process that enables the whole scenario undergoes
a E type [61] or multistep type transition with respect to the
energies of the states. For instance, for process A1, the main
intermediate states are states |39) and |40) [as indicated by
Fig. 4(a)] with energies around 1.340 eV (which is almost half
of the energy difference |E|1y — E|9y|), the transition from the
initial state |9) to these two main intermediate states and the
subsequent ascending transition from them to the final state
|61) leading to the laser energy being around 1 eV instead
of 3 eV. Similarly, the main intermediate states sequentially

—— forward process

e . g

;02 g
A7, 140)
(el N\t}
v
\ A13Y) A1Q_» @l
[18) mk//\ll} b

|14)

---» reversed process

o Nil
o Ni2

WWAWWA Ionacene

f localized spin with large spin-density values

I localized spin with small spin-density values

FIG. 6. Illustration of the four A processes that enable the real-
ization of spin transfer from Nil to Ni2 in structure Ni,(CssHy).
Here, the information of the initial and final states, including the
spin localization and the relative energy location, are shown. The
laser parameters of the corresponding A processes can be found in
Table V.

involved in process A3 are states |9), |15), and |10) with
energies 0.150, 0.154, 0.152 eV, respectively, this population
transfer pathway, although complicated in behavior, giving
rise to a smaller laser detuning and thus a relatively low laser
energy.

We find that, in some cases, the transfer between candidate
initial and final states with spin localizations on different
Ni atoms cannot be achieved through one A process but
several bridging A processes (which correspond to the third
transfer type). This opens an additional path for realizing
the desired spin functionality. As an example, we show the
diagram of such a spin-transfer type achieved in Ni,(CsgHyp)
in Fig. 6, from which one can clearly see the transfer from
Nil to Ni2 can be achieved through four steps, i.e., spin
bifurcation (denoted by A7) from state [18) (Nil) to state
|46) (Nil and nonacene), spin merging (denoted by A8) from
state |46) (Nil and nonacene) to state |40) (nonacene), spin
bifurcation (denoted by A9) from state |[40) (nonacene) to
state |14)(nonacene and Niy), and spin merging (denoted by
A10) from state |14) (nonacene and Ni,) to state |21) (Ni2).
The laser parameters of these four processes together can be
found in Table V, from which one can also see that the fidelity
values are 96.8%, 100.0%, 98.4%, and 99.9%, respectively,
contributing a total efficiency of 98.2%. The total time dura-
tion of the whole process is found to be 2.15 ps. Interestingly,
the four scenarios turn out to all be reversible (under different
laser pulses from the respective forward processes, as listed
in Table V), with the fidelity of 96.6%, 99.8%, 94.2%, and
93.2%, respectively. Detailed inspection shows that, in each
process, electron transfer between different parts occurs, ac-
companied with the spin-density transfer. Especially, for the
spin merging process A8 (|]46) — ]40)), the charge-density
values on Nil, Ni2, and nonacene change from 0.333, —0.654
and 0.321 to —0.587, —0.649, and 1.235, respectively, indi-
cating that an electron is transferred from nonacene to Nil.
Clearly, the electron-transfer direction is opposite to the spin-
transfer direction (i.e., Nil — nonacene) of this process. The
same situation also occurs for the spin bifurcation process
A9 (J]40) — |14)), in which the electron is transferred from
Ni2 to nonacene whereas the spin density transfer is from
nonacene to Ni2 (details can be found in Table III). This
feature combined with the reversibility provides richer options
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TABLE III. Information of the initial and final states (including their energies, spin expectation values, spin density, and charge density)

of the A processes involving in Fig. 6 and Table IV.

Initial /final Energy Spin components Spin density Charge density

states (eV) (Sy) (Sy) (S;) Nil Ni2 n-acene Nil Ni2 n-acene
|1) 0.000 —0.698 —-0.377 0.000 1.568 0.000 0.056 —0.540 —0.654 1.194
19) 0.150 —0.772 —0.428 0.000 1.742 0.000 0.065 —0.542 —0.654 1.192
[14) 0.173 0.868 —0.049 0.000 0.003 0.931 0.931 —0.588 0.264 0.325
[17) 0.240 —0.695 —0.600 0.000 1.861 0.000 0.051 —0.568 —0.664 1.222
[18) 0.240 0.851 0.342 0.000 1.861 0.000 0.051 —0.568 —0.664 1.222
|21) 0.328 0.693 —0.395 0.000 0.000 1.635 0.027 —0.585 —0.665 1.250
|22) 0.461 —0.805 0.292 0.000 0.963 0.000 0.876 0.247 —0.654 0.407
|24) 0.463 0.805 0.174 0.000 0.926 0.000 0.843 0.247 —0.654 0.407
|38) 2.689 —-0.914 0.134 0.000 1.735 0.003 0.183 —0.428 —0.657 1.085
|40) 1.365 0.921 —0.051 0.000 0.007 0.006 1.908 —0.587 —0.649 1.235
|46) 1.744 0.853 0.011 0.000 0.930 0.000 0.915 0.333 —0.654 0.321
|47) 2.087 —0.890 0.033 0.000 0.034 0.006 1.847 —0.586 —0.648 1.234
|49) 2.088 0.888 —0.067 0.000 0.034 0.006 1.847 —0.586 —0.648 1.234
|50) 2.689 —-0.914 0.134 0.000 1.735 0.003 0.183 —0.428 —0.657 1.085
|52) 2.690 0.922 0.030 0.000 1.733 0.003 0.183 —0.428 —0.657 1.085

for the construction of various spin functionalities and thus
enables the related structure to be of great potential in future
device applications.

VI. SPIN LOGIC GATE

For the practical applications in quantum computing,
demonstrating spin logic functionality is of utmost signifi-
cance. Previously, we have proposed the ERASE functionality
for the quasilinear molecular ions [Fe—-O—Co]" based on
the achieved laser-induced spin-flip and -transfer scenarios
combined with the irreversible features [58]. Exploiting the
appropriate spin states of several spin scenarios as input and
output bits, some two-qubit logic gates are constructed in
a w-conjugated Cos-GNF structure [47]. Aiming at offering
wider flexibility to process quantum information, a universal
set of quantum gates controlled by suitably tailored femtosec-
ond laser pulses has also been built in a heteronuclear 3d-4 f
[Dy2Ni2] real molecular magnet [63].

In this paper, based on the achieved spin scenarios, we are
also able to construct several elementary logic gates. Here,
we take the scenarios obtained in Ni, (C33Hj¢) as examples to
demonstrate how to build the related functionality. First comes
the SWAP gate. Here, the two-bit state is defined according

to the spin localization (localization on nonacene represents
1, and localization on Nil represents 0) and spin direction
(spin up denotes 1 and spin down denotes 0). For instance,
the spin state |nonacene 1) corresponds to the bit 11, and
INil |) corresponds to the bit 00. With the assistance of
several specialized scenarios, the whole SWAP function can
be realized, as shown in the upper part of Table IV. Due
to the failure of spin transfer between states with different
spin localizations (i.e., nonacene and Nil) and opposite spin
directions through one A process, two successive A processes
(i.e., spin-flip scenario and subsequent spin-transfer scenario)
are needed to realize the transfer from |nonacene | ) to |Nil 1)
or the transfer from |[Nil 1) to [nonacene | ).

Another logic gate is the XOR, the construction of which
is shown in the lower part of Table IV. Here, the bit definition
of the input states is the same as that for the SWAP gate. How-
ever, the spin localization of the output state is confined to be
neither on Nil nor nonacene, but equally on Nil and nonacene
(i.e., double localization Ni and nonacene) without carrying
any bit information, which thus enables us to focus on the
spin direction as the only bit carrier (spin up for 1, and spin
down for 0) for the output. For instance, for the input state |17)
(bit 00, since it’s a spin-down state with localization on Nil),

TABLE IV. Constructions of the SWAP and XOR logic gates for the structure Ni, (C3gH,g) based on the achieved spin scenarios.

Input [nonacene 1) (bit 1 1) |[nonacene | ) (bit 1 0) INil 1) (bit 0 1) INil ) (bit 0 0)
Output [nonacene 1) (bit 1 1) INil 1) (bit0 1) |[nonacene | ) (bit 1 0) INil }) (bit 0 0)
SWAP  Process 140) 23 |49) 147) 2% 1a9) A% 150y 152) A% 1s0) A% 38) 1 22 9
Time (ps) 0.300 1.250 1.165 0.960
Fidelity 99.9% 89.1% 94.9% 100.0%
Input INil |) (bit00) INil 1) (bit0 1) [nonacene | ) (bit 1 0) [nonacene 1) (bit 1 1)
Output  |Nil and nonacene |) (bit0) |Nil and nonacene %) (bit 1) |Nil and nonacene 1) (bit 1) |Nil and nonacene | ) (bit 0)
XOR  Process 117) 22 22) 118) 23 |24) 47y 28 149) 2B 4y j49) 2% 47y 23 22)
Time (ps) 0.600 0.750 1.350 0.665
Fidelity 98.3% 97.7% 89.1% 88.5%
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TABLE V. The laser parameters of the A processes in Fig. 6 and Table IV. Here 6 and ¢ denote the angles of the incidence in spherical
coordinates, y is the angle between the polarization of the light and the optical plane, and FWHM is the full width at half maximum of the
laser pulse. For each process, the localization change and fidelity value are also given.

Laser parameters

A process Localization change Fidelity Efpu-Einitiai  Elaser Amplitude  FWHM 0 ¢ y
(%) (eV) (eV) (au) (fs)  (deg) (deg) (deg)

AT [18) (Nil 1) — |46) (Nil and nonacene 1) 96.8 1.504 1.621  0.0095 156.2 341.0 2503 106.1
A8 |46) (Nil and nonacene 1) — |40) (nonacene 1) 100.0 0.379 0.378  0.0032 452.1 270.0 1763 192.1
A9 |40) (nonacene 1) — |14) (Ni2 and nonacene 1) 98.4 1.193 1.257  0.0076 2594 2903 812 2270
A10 [14) (Ni2 and nonacene 1) — [21) (Ni2 1) 99.7 0.155 1.312  0.0099 495.8  149.7 3248 —35.2
All |46) (Nil and nonacene 1) — |18) (Nil 1) 96.6 0.155 1.692  0.0099 368.7 2662 984 -—252.1
Al12 |40) (nonacene 1) — |46) (Nil and nonacene 1) 99.8 1.193 1.188  0.0082 216.6  489.5 3151 —37.3
Al13 |14) (Ni2 and nonacene 1) — |40) (nonacene 1) 94.2 0.379 0.154  0.0093 4723 =923 2513 —180.5
Al4 |21) (Ni2 1) — |14) (Ni2 and nonacene 1) 93.2 1.504 1.553  0.0068 450.1 96.4 1289 147.7
A15 |40) (nonacene 1) — |49) (nonacene 1) 99.9 0.723 0.354  0.0023 237.9 81.7 96.7 346.6
Al6 |47) (nonacene |) — |49) (nonacene 1) 89.1 0.001 0.178  0.0049 476.5 2.7 3028 137.1
A17 |49) (nonacene 1) — [52) (Nil 1) 100.0 0.602 0.378  0.0032 452.1  269.7 1763  192.1
Al18 [52) (Nil 1) — |50) (Nil |) 99.5 0.001 1.655  0.0049 371.0 280.0 120.7 26.8
A19 |50) (Nil |) — |38) (nonacene |,) 95.3 1.325 1.192  0.0073 4934 86.8 —79.0 322.7
A20 [1) (Nil ) — 19) (Nil ) 100.0 0.150 0.152  0.0074 4109 3445 123.1 173.1
A21 [17) (Nil |) — ]22) (Nil and nonacene |) 98.3 0.222 1.216  0.0075 3294  340.7 336.6 259.5
A22 [18) (Nil 1) — |24) (Nil and nonacene 1) 97.9 0.222 2.151  0.0084 4322 3273 1139 327.1
A23 |49) (nonacene 1) — |24) (Nil and nonacene 1) 100.0 1.626 1.629  0.0027 487.8 2439 689 24.5
A24 |49) (nonacene 1) — |47) (nonacene ) 88.5 0.001 0.427  0.0049 379.7 1032 173 84.9
A25 |47) (nonacene |) — |22) (Nil and nonacene |) 100.0 1.626 1.619  0.0072 1447  286.2 2.9 162.4

through the process A21 the systems goes to state |22) (bit
0, since it’s a spin-down state with spin doubly localized on
Nil and nonacene) with a high fidelity of 98.3%. Combining
with the scenarios A22, A16 and A23, and A24 and A25, the
whole function of the XOR gate can be accomplished within
around 3.365 ps.

The details of the laser pulses (A15 ~ A25) for these two
logic gates can be found in Table V. For the technical fea-
sibility of the above proposed scheme, there are three main
aspects that need to cooperate: (i) the detection of the defined
bit information, (ii) the implementation of the specified laser
pulses, and (iii) the preparation of the corresponding states
(which proves to be theoretically possible previously either
through the ERASE functionality [58] or an additional A
process [64]). With the development of recent experimental
techniques, we highly expect that these dynamics and func-
tions will eventually be realized in the near future. Another
concern is that when being used in a device, these predicted
scenarios and gates would be totally destroyed by the in-
teractions with substrate or leads and become undetectable.
About this point, it has been reported that the predicted spin
state of the boron-substituted graphene nanoribbons can be
experimentally detected by lifting it to lie freestanding be-
tween the STM (i.e., scanning tunneling microscopy) tip and
surface [65]. This suspending route can dissociate the strong
interaction between the sample and metal substrate, and thus
largely preserve the predicted effects and to some extent allay
this concern. On the other hand, the TM-carbon systems of
interest is towards the goal of all-carbon molecular spintronics
(although preliminary and challenging), which has achieved
extraordinary developments in recent years and a series of
corresponding devices with carbon chain, carbon nanotubes,

graphene, and graphene nanoribbons as electrodes or substrate
materials [66—68] have been constructed. In this respect, our
present paper can be preliminarily considered to involve the
interaction with leads (e.g., carbon chain [44] and n-acene
molecule) or substrates (e.g., graphene flakes [47]) and make
a necessary and essential attempt at further, more realistic
devices.

VII. SUMMARY

Using high-level quantum chemistry method we systemati-
cally investigate the electronic structure, spin localization, and
laser-induced ultrafast spin dynamics in the Ni-(Cy,,42Ho,42)-
Ni complexes (n =4 ~ 9). The results are summarized as
follows:

(i) The optimized geometry of each structure proves to be
stable and the distinguishability of the two Ni—C bonds can
give rise to spin localization (and thus enables spin transfer
possible). For the level distribution of the six structures with
the same amount of lowest states, it’s found that the states with
spin localized on single magnetic atom mainly concentrate
below 0.61 eV, the states with spin localized on linearly fused
benzene rings are located in the higher energy region, and the
region between between 0.74 and 1.35 eV only accommodates
nonlocalized states. As the carbon chain becomes longer, the
amount the states with spin singly localized on Ni atoms
increases. For the anisotropy of the structures, we find the spin
localized states when the magnetic field is applied perpendic-
ularly to the molecular plane are less than those when the field
direction is within the molecular plane.

(ii) Under appropriate laser pulses, different types of spin-
transfer scenarios have been achieved in different structures.
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TABLE VI. The information of the MOs (including HOMO and LUMO) of the structures and the main virtual excitations contributing to

their SAC-CI ground states.

Structures Total number of MOs

HOMO and LUMO with energies

Main virtual excitations for the ground states

MO 77 (-3.414¢eV)

Niy (CigHyo) MO 78 (—1.012¢eV)

148

MO 90 (—3.722¢V)

170 MO 91 (—1.713eV)

Niy (Co2Hi)

MO 103
MO 104

(—=3.515¢eV)

Ni»(Cy6Hi4) (—1.493 eV)

192

MO 116
MO 117

(=3.347 eV)

214 (—=1.279 eV)

Niy(C30H6)

MO 129 (—3.213eV)

Ni, (Cs6Hys) 236 MO 130 (—-1.071eV

MO 142
MO 143

(=3.102 eV)

Niy(C38Hz0) 258 (—1.889eV)

MO 65 — MO 91 0.879
MO 65 — MO 106 —0.179 MO 65 — MO 98 0.131
MO 65 - MO 105 0.112 MO 65 — MO 144 —0.107
MO 77 - MO91 and MO65 — MOB86 —0.178
MO 77 — MO8 and MO65 — MO91 -0.124

MO 90 — MO91 0.889 MO90 — MO92 0.214
MO 90 — MO 106 and MO 90 — MO91 0.312
MO 85 — MO 106 and MO90 — MO91 0.167
MO 90 — MO 113 and MO 90 — MO91 -0.160
MO 88 — MO 100 and MO 90 — MO91 0.126
MO90 — MO98 and MO90 — MO91 0.101

MO 92 — MO 119 0.877 MO92 — MO 112 0.274
MO 92 — MO 140 —0.180 MO 92 — MO 139 —0.132
MO 92 — MO 127 0.128 MO 92 — MO 188 —0.105
MO 103 - MO 119 and MO 92 — MO 119 —0.262
MO 103 - MO 119 and MO 92 — MO 112 —0.191
MO 103 - MO 112 and MO 92 — MO 119 —0.131

MO 100 - MO 130 —0.823 MO 115 — MO 130 0.308
MO 100 - MO 124 —0.266 MO 100 — MO 151 0.203
MO 115 — MO 124 0.130 MO 100 — MO 140 —0.109
MO 115 - MO 130 and MO 100 — MO 130 0.242
MO 115 - MO 130 and MO 100 — MO 124 0.146
MO 115 - MO 124 and MO 100 — MO 130 0.115

MO 111 - MO 144 0.855 MO 111 — MO 137 0.302
MO 111 - MO 166 0.210 MO 128 — MO 144 —0.120
MO 111 — MO 154 —0.101 MO 111 — MO 231 —0.100
MO 128 - MO 144 and MO 111 — MO 144 0.277

MO 128 - MO 144 and MO 111 — MO 137 0.233

MO 128 — MO 137 and MO 111 — MO 144 0.164

MO 123 — MO 158 0.877 MO 123 — MO 150 0.277
MO 123 — MO 181 —0.222 MO 123 — MO 169 0.123
MO 123 — MO 253 —0.109

MO 141 — MO 158 and MO 123 — MO 158 0.232
MO 141 — MO 158 and MO 123 — MO 150 —0.147
MO 141 — MO 150 and MO 123 — MO 158 —0.112

MO 65 — MO 86 0.266

Specifically, spin transfer between state with spin localization
on Nil and state with spin localization on Ni2 is only achieved
in structures Ni, (C;gH1g), Ni> (CooHy2) and Ni, (CsgHyg), spin
transfer between state with spin localized on Nil/Ni2 and
state with spin localized on Cg,42H,42 is only found in
Niy(CxHiz), Nip(CysHys) and Nip(CsgHyg). Although there
exist several states with different spin localization on Nil and
Ni2 for structures Ni, (CzoH;6) and Niy(Cs4H;3g), the transfer
between them through one single A process is not achievable.
The reason can be attributed to (a) the absence of the common
intermediate states that have both transitions with the selected
initial and final states, (b) the unbalanced transition strengths
of the two branches of the A process, or (c) strong level in-
terspersing of the adjacent localized candidate initial and final
states. In addition, it’s found that the transfer between states
with different spin localizations on Nil and Ni2 through the

combination of several spin-merge and -bifurcation processes
can be realized, which provides additional channels for the
realization of certain spin functions.

(iii) Based on the achieved spin scenarios, by choosing the
spin scenarios and designing the bit according to the spin
localization and spin directions of the states, two types of
logic gates, i.e., SWAP and XOR, for structure Ni,(CsgHap)
are constructed, which both complete within picosecond time
scales with high fidelity above 88.0%.

All these theoretical predictions are expected to provide
valuable information for the experimental probe and re-
alization of ultrafast laser-driven magnetization in linearly
fused Ni substituted polyacenes complexes, and promote
the application towards the ultrafast, high-density molec-
ular spintronic devices and future spin-based quantum
computing.
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APPENDIX

Table VI gives the information of the molecular orbitals
(MOs, including HOMO and LUMO) of the structures and the
main single and double virtual excitations (with coefficients
above 0.100) that contribute to their ground states. We see that
the total number of MOs increases with the size the structures,

however the HOMO-LOMO gap values (around 2 eV) of them
are quite close. For the electronic states obtained from the
SAC-CI method, since each one is constructed by the linear
combination of various determinants based on virtual excita-
tions between different MOs, going to larger basis set will give
rise to the increase of the Fock space and thus numerous vir-
tual excitations that make the calculation complex and costly
(without bringing any new physics). Thus the moderate com-
bined basis (i.e., Lanl2dz for magnetic atoms and STO-3G for
the rest light atoms) is chosen based on the compromise be-
tween the calculation cost and accuracy. In addition, from the
virtual excitations we see that the dominant determinant (the
one with the largest coefficient) for each ground state comes
from single excitation. The double excitations, although with
smaller coefficients, are also important since they can become
dominant with the large amount of related determinant terms.
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