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We investigate the spin-dynamic properties of two carbon cross structures assembled from two carbon chains
with two Ni atoms attached. Both the global spin transfer through the long-distance carbon cross and the local
spin flip on the single Ni atom are achieved within the subpicosecond regime, demonstrating the feasibility
of individual intrasite and intersite spin manipulation. We investigate the dependence of the two different
types of spin-dynamics processes on an external magnetic field, and we compare them by analyzing the spin
features of the populated intermediate states. The comparison explains well the addressability of the local spin
flip and the conservation of the global spin transfer. In addition, by applying two identical laser pulses, we
successfully enhance the sensitivity of the local spin flip with respect to the external magnetic field, which yields
a higher spatial resolution of the individual spin addressing. The present investigation is a significant step towards
integrated all-optical logic circuits based on nano-spintronics.
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I. INTRODUCTION

In today’s heavily computerized world, the need to
miniaturize logic processing units is becoming increasingly
important [1-13]. Based on well-developed top-down technol-
ogy, the size of complementary metal-oxide semiconductors
(CMOS) has decreased from 32 to 5 nm during the past 10
years, which is a great achievement for CMOS technology
[14—-16]. However the rapid miniaturization also indicates that
traditional logic devices come closer to their physical limits.
Therefore, finding new alternatives is more urgent now. One of
the promising solutions is utilizing nano-spintronics [17-20].
The idea is that one can design various logic operations based
on the different ultrafast spin-dynamics scenarios of magnetic
molecules or clusters. The discrete levels and the highly local-
ized spin density of these molecular systems are instrumental
in achieving controllable spin dynamics on a microscopic
scale [21-25]. To generate a complete integrated spin logic
processor, it is necessary to find proper magnetic molecules
or clusters and integrate them into heterostructures.

Since Beaurepaire et al. reported the ultrafast laser-induced
demagnetization of ferromagnetic Ni [1], there has been a
huge amount of progress in both theoretical and experimental
investigations of ultrafast spin dynamics [26-33]. In partic-
ular, the investigations of single molecular spintronics have
uncovered many intriguing spin-dynamic properties, ensur-
ing their great potential for application in the basic elements
of future integrated logic processors [34—38]. For examples,
Mahan suggested a one-dimensional shift register consisting
of N identical atoms [39]. Luis et al. proposed spin-based
CNOT and SWAP quantum gates by using two weakly coupled
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Tb>* as spin qubits [40]. Jenkins et al. mapped eight well-
defined spin states of GdW3 to the basis states of three qubits
[41]. Godfrin et al. implemented Grover’s quantum algorithm
via nuclear spin of a Tb ion in a single molecular magnet
transistor [42]. Macalluso et al. encoded a qubit with an
embedded quantum error correction on a molecular trinuclear
coordination compound [43]. Liu et al. demonstrated coherent
electrical control of the quantum spin state, and they exploited
it to independently manipulate the two magnetically identical
but inversion-related molecules in the unit cell of a crystal
[44]. In addition, we proposed an essential logic functionality
“ERASE” based on spin transfer in a quasilinear molecular
ion [Fe-O-CO]™", a topological spin-charge gearbox on a real
molecular magnet CozNi(EtOH)™, and a two-level qubit sys-
tem with Dy and Ni atoms in [Dy,Ni>(L)4(NO3)2(DMF),]
[45-48]. The developed on-chip integration technology pro-
vides a feasible way to integrate molecular spintronics on
the compact and stable platform, such as graphene, graphene
oxide, transition-metal dichalcogenides (TMDCs), and black
phosphorus [49,50]. For instance, Sarkar ef al. demonstrated
the doping effect of MoS, by diverse metallic nanoparticles
at the experimental level [51]. MoO3; nanosheets were suc-
cessfully deposited onto WSe, by a rapid flame synthesis
method [52]. With respect to driving lasers, the on-chip-laser
technology, such as a single-chip optical phased array [53-55]
or a single-photon emitter [56], can be deemed as a promis-
ing solution to implement concurrent spin manipulations on
magnetic molecular elements.

Here, we propose an ideal model of an integrated logic
processor built from an array of single molecular spin logic
units and the connection bridges among them. Using this idea,
we can transform a complicated integrated logic system into
several small building blocks. Basically, our model divides
functionality into two parts: local (on-site) spin functionality,
and global functionality (transfer of the information bit from

©2022 American Physical Society
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one site to another). Local processes necessitate individual
addressability (which governs the speed of logic processing
and the density of processing units), while global ones re-
quire elementary processes with high tolerance against local
environmental fluctuations demonstrated in our previous work
(e.g., local geometry and a magnetic environment) [57,58].
Motivated by the intriguing magnetic properties of graphene
[59-62] and our previous investigations on fullerenes [63—-66],
we unfolded the fullerene into a one-dimensional structure, we
took the zigzag carbon chain (mimicking the zigzag boundary
of graphene) with two Ni atoms attached as the example
of building blocks, and we demonstrated the addressability
of local spin flip on single Ni atoms and the feasibility of
global spin transfer through a distance comparable to the size
of current CMOS devices [57]. In this paper, we combine
two carbon chain structures to form a carbon cross, and we
investigate the global spin-transfer scenarios through the bent
carbon chain structure and the single spin addressability. This
is a further step beyond our previous investigations on the
carbon chain, and it exhibits more complicated spin-dynamics
scenarios on different geometric configurations. The present
study is also a key component of our investigations of inte-
grated logic processing units.

II. THEORY AND METHODS

The Hartree-Fock (HF) approximation is first used to ob-
tain the molecular orbitals of the systems and generate the
single-body Slater determinant. Then we take the HF ground
determinant as the reference and use a highly correlated
method to calculate the many-body wave function of the
ground state, namely the coupled cluster singles and dou-
bles (CCSD). On top of this, the equation-of-motion CCSD
(EOM-CCSD) method is applied to find the correlated wave
functions of excited states. We use the 6-31G basis set.
Notably, due to the high computational cost, it is almost im-
possible to perform the full coupled-cluster calculations on
such a large system. Therefore, we restrict ourselves to an
active window for both CCSD and EOM-CCSD calculations,
which includes all the d-character orbitals.

In our investigations, the spin-dynamics scenarios are dealt
with a theoretical model called the “A process” [67-69].
The main idea of the A process is the population transition
between two specific states via one or several intermediate
states induced by an external femtosecond laser pulse. The
A process consists of two steps: one is the excitation process
from the initial state to the intermediate states, while the other
is the deexcitation process from the populated intermediate
states to the target state. By selecting appropriate spin states as
the initial and target states, one can generate several specific
spin-dynamics scenarios based on the A process. For exam-
ple, if the spin density is localized on the same atom with
opposite spin directions for the initial and target states, the A
process is a spin-flip process; if the spin density is localized
on two different atoms with the same spin direction for the
initial and target states, a spin-transfer process is achieved.
Although the A process is a two-photon process, it can be
faster than the direct transition when the latter is forbidden.
According to our previous results, the A processes are usually
accomplished within a subpicosecond regime.

For achieving a A process, spin-orbit coupling (SOC) and
an external magnetic field are required. SOC is involved
to generate the spin-mixed intermediate states necessary for
achieving the spin-flip processes, and the external magnetic
field is applied to reduce the degeneracy among the initial and
target states so that they can be distinguished. The correspond-
ing Hamiltonian is

Nei Zeff . R Ne R Ne R
—_L-S L-B S-B, (1
D +Y B+ s (1

i=1 i=1

Hsocg =

where N is the number of electrons, Z° is the relativistic
effective nuclear charge of the ath atom, accounting for the
two-electron contributions to SOC, c is the speed of light, and
r3 denotes the position of the ith electron. L. and S are the or-
bital and the spin angular momentum operators, respectively.
ur and pg are the corresponding gyromagnetic ratios. B is a
static external magnetic field, which breaks the time reversal
symmetry of the system, thus allowing for distinction between
spin-up and spin-down states. The time-dependent interaction
between the laser pulse and the many-body wave functions is
described as

Hin (1) =D - Ejgeer (1), 2)

where Ej (¢) is the time-dependent electric field of the laser
pulse, and D is the electric-dipole-transition operator. By sim-
plifying the time-dependent Schrédinger equations, we obtain
the coefficient of each involved many-body wave function as
a function of time,

den(1)
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where ¢, is the coefficient of the many-body state |\W,,), which
is obtained from CCSD and EOM-CCSD calculations and
modified with the effect of SOC and the external magnetic
field, and E,, is the energy of the many-body state |\,,).

By using an embedded fifth-order Runge-Kutta method
and the Cash-Karp adaptive-step-size control [70], the above
differential equations are numerically solved. The parameters
of the laser pulses are optimized with our own genetic al-
gorithm program [71]. There are eight parameters involved
in the optimization calculations: the angles of incidence in
spherical coordinates (6 and ¢), the angle between the polar-
ization of light and the optical plane (y), ellipticity (8), the
full width at half-maximum of the laser pulse (FWHM),
the laser energy (Ej.ser), the amplitude of the laser pulse, and
the chirp, which indicates the linear sweep of the frequency (at
times £FWHM) with respect to the peak (central) frequency.
The ranges of 6 and ¢ are from 0° to 180° and 0° to 360°,
respectively. The range of y is from 0° to 360°. The range
of the FWHM is from 0 to 500 fs. The amplitude ranges
from O to 5.14 x 107 V/m. The range of chirp is given from
—5% to 4+5%. Each laser pulse serves as one individual of
one generation, and the eight parameters are the genes of
this individual. A total of 200 individuals are taken in each
generation, and about 200 generations are usually needed in
the optimization. The quality of each individual is determined
by its “fidelity,” which is defined as the population of the target
state after the influence of the laser pulse. We regard a A
process with fidelity higher than 95% as successful. All the
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TABLE I. The expectation values of spin density distributed on Ni,C,4 and Ni,Cyy. Energies and expectation values of the spin angular
momentum components (S.) of the initial and target states of the spin-dynamic scenarios calculated by EOM-CCSD are listed as well. SOC
and external magnetic field (B = 0.235 T, along the z axis) are included. The sign of (S.) denotes the spin direction: positive and negative
values are spin-up and spin-down, respectively. The dominant virtual excitation denotes the excitation Slater determinant of the many-body
states with the highest amplitude. The amplitude is the linear combination coefficient of the corresponding virtual excitation calculated by the
CCSD and EOM-CCSD calculations.

Spin density
Structures State E (eV) (S.) Nil Ni2 ECEs Dominant virtual excitation Amplitude
[1) 0.000 —1.000 —0.064 —0.060 —1.220 MO;;; — MO;3 0.597
Ni, Cyy |64) 3.880 —1.011 —0.824 —0.015 —0.947 MO;;;, — MOys 0.613
|68) 4.007 —1.039 —0.024 —0.820 —-0.957 MO;;; — MOy 0.615
[1) 0.000 —0.999 —0.026 —0.062 —-0.537 MO5; — MOig; 0.580
Ni;Cyg [29) 2.235 —0.999 —1.553 —0.007 —0.107 MO;7;5 — MOz 0.472
|38) 2.784 —1.000 —0.010 —1.411 —0.193 MO;5;, — MOy 0.392

states obtained from the CCSD and EOM-CCSD calculations
are included in the optimization.

III. RESULTS AND DISCUSSION
A. Spin-density distribution on carbon crosses

Figures 1(a) and 1(b) illustrate the geometric configura-
tions of carbon cross structures with two Ni atoms attached.
We denote such cross systems as Ni, C,,, where n is the number
of carbon atoms. The geometric parameters of the carbon
cross are identical to those of carbon chain structures in our
previous investigation [57]. The lengths of the C-C and the
C-H bonds are 1.420 and 1.090 A, respectively. The angle
between two adjacent C-C bonds is 120°. Note that there
are two additional carbon atoms in the center of the cross
structure. The crossing through a single C atom is not pos-
sible without breaking the conjugacy of both chains, since the
middle C atom would have an sp® hybridization. Besides the
two additional atoms and the two common carbon atoms in
the center, each edge contains (n — 4)/4 carbon atoms. We
take two structures of different sizes as examples (Ni,Cp4 and
NiyCy4), of which the single edge contains five and ten carbon
atoms, respectively. The pure carbon cross structures belong
to the symmetry group of Cy;,, and the four carbon edges are
identical. With two Ni atoms asymmetrically attached to the
two edges, the symmetry is reduced to C,. These two Ni atoms
are denoted as Nil and Ni2, respectively. The two empty
carbon edges are denoted as ECEs. Notably, if we take the
carbon cross systems shown in Fig. 1 as the basic fragments
of the aforementioned logic processing unit, the two ECEs
can thus be regarded as the connection channels among the
multiple fragments.

To achieve various spin-dynamics scenarios via the A pro-
cess, states with proper spin density distribution scenarios are
required: (i) states with the spin density highly localized on
the Ni atoms (since the Ni atoms serve as the magnetic cen-
ters in our ideal logic processing unit model); and (ii) states
with the spin density unequally distributed between two Ni
atoms (otherwise one cannot distinguish the two Ni atoms in
a spin-transfer process). The spin density distribution on each
many-body state is described with the Mulliken population
analysis. According to our calculations, the lowest state of

NiyCyq that fulfills both requirements (i) and (ii) is a triplet
state lying at 3.880 eV. The corresponding spin density is
highly localized on Nil with an absolute value of 0.824, while
the spin density on Ni2 is much less and its absolute value
is only 0.015 (state |64) in Table I). The total spin density
is around 2.000, and the remaining spin density is mainly
distributed on the two ECEs and almost equally shared by
each carbon atom. The unbalanced spatial distribution of spin
density results from the asymmetric positions of the two Ni
atoms. Near this triplet state, we find another triplet state
lying at 4.007 eV, which has high spin localization on Ni2.
The corresponding spin density is 0.820 on Ni2 and 0.024
on Nil (state |68) in Table I). The remaining spin density
is also equally distributed on the carbon atoms of the two
ECE:s. In addition, we find that the ground state is also a triplet
but exhibits spin localization on the two ECEs. The absolute
values of the spin density on the two ECEs are 0.622 and 0.598
(state |1) in Table I), respectively. Thus this triplet state can
serve as the initial (target) state if one takes the two ECEs as
the spin input (output) bits. For Ni;Cyy, a similar case can be
found: The ground state also exhibits spin localization on the
two ECE:s (state |1) in Table I). However, the states with spin
density highly localized on the single Ni atom lie at lower
energies compared to NiyCps. For example, the triplet state
at 2.235 eV has spin density with an absolute value of 1.553
localized on the Nil atom (state |29) in Table I), while the
remaining spin density is mostly found on the carbon edge
with Nil attached.

The spin-density distribution can be well explained by
the delocalized electronic configuration of the ground state.
The coupled-cluster many-body wave functions are the linear
combination of a number of Slater determinants built from
HF-optimized molecular orbitals (MOs). Except for the HF
reference determinant, the other determinants contain virtual
excitations from the occupied MOs to the unoccupied MOs.
We take the lowest triplet state of Ni,Cp4 as an example.
The dominant virtual excitation of the ground triplet state
is from MO ,, which is the highest occupied molecular or-
bital (HOMO), to MOy 3, which is the lowest unoccupied
molecular orbital (LUMO), with an amplitude of 0.597.
MO, is mainly composed of the p, orbitals of the carbon
atoms on the two ECEs. The degenerate p, orbitals form a
delocalized 7 orbital, as shown in Fig. 1(c). MO 3 mainly
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FIG. 1. The geometric configurations of (a) Ni,C,s and (b)
Ni;Cyg. The purple spheres denote the two Ni atoms, the yellow
spheres denote the carbon atoms, and the blue spheres denote the
hydrogen atoms. Panels (c)—(f) are the schematics of the molecular
orbitals of Ni2C24I MO“Q, M0113, M0114, and M0115. Panels (g)—
(1) depict the molecular orbitals of Ni;Cyy: MOy75, MOyg1, MOys,,
M0183, MO|85, and MOZOO-

consists of the delocalized & orbital of the carbon edges with
the Ni atoms attached, as shown in Fig. 1(d). The singly
occupied 7 orbitals consequently result in the magnetization
of the carbon edges instead of the Ni atoms. As for the states
with the spin density localized on a single Ni atom, it is
because the MOs mainly contributed by the atomic orbitals
of the corresponding Ni atom are included in the dominant
virtual excitations. For example, for state |64), the magnetiza-
tion mainly stems from the virtual excitation from MO, to
MO 5, which mainly consists of the atomic orbitals of Nil.
Notably, the contribution from MO, explains the nonzero
spin density distributed on the ECEs shown in Table I. As
for state |68), the dominant virtual excitation is from MO,
to MOy 4, which is mainly composed by the atomic orbitals
of Ni2. Similar cases can be found on the larger NiyCyy
structure. The corresponding dominant virtual excitation is
shown in Table I as well. However, different from Ni,Co4, the
dominant virtual excitation takes place between the two MOs
of the same atoms, such as MO;75 and MO;gg, which form
the dominant Slater determinant of state |29). They are both
composed of the atomic orbitals of Nil. This explains why
there is less spin localization on ECEs of states [29) and |38).
The spin distribution of all the many-body states of NiyCopy
and Ni,Cyq is given in Tables III and IV.

B. Spin-transfer scenarios on carbon crosses

Figure 2(a) illustrates the ideal model of an optical inte-
grated logic unit leveraging the spin-dynamic processes of
carbon cross structures. These processes can be divided into
two scenarios: (i) global spin transfer through the carbon
cross, and (ii) local spin flip on the single Ni atom. In our
idea, the Ni atoms are employed as the most fundamental logic
processing elements. The spin direction encodes the bit “1”
by spin up and “0” by spin down. Therefore, the spin flips on
the Ni atoms correspond to the simplest logic functionality,
i.e., the NOT gate. Note that we do not regard the whole
system as a two-qubit logic unit, but we consider the two Ni
atoms as the separated logic units, and we are only focusing
on the local spin flip and the global spin-transfer properties.
The feasibility of the global spin-transfer processes allows
the spin information transmissions between the two Ni atoms,
integrating the Ni atoms into a large-scale circuit. Considering
the spin localization and spin direction, there are 12 specific
spin-transfer processes, including the spin transfer between
two Ni atoms (Nil | — Ni2 |, Ni2 | — Nil |, Nil 1 —
Ni2 4, and Ni2 4+ — Nil 7), the spin transfer between Nil
and ECEs (Nil | — ECEs |, ECEs | — Nil |, Nil 4 —
ECEs 1, and ECEs 1 — Nil 1), and the spin transfer be-
tween Ni2 and ECEs (Ni2 | — ECEs |, ECEs | — Ni2 |,
Ni2 ¢+ — ECEs %, and ECEs 4+ — Ni2 1), where 4 and |
denote the spin directions. Only triplet states are selected as
the initial and the target states for the A process, since they
allow for the separation of charge and spin dynamics.

Now let us focus on the spin-down-transfer processes on
the NipCyy structure. For the spin-transfer scenarios between
Nil and Ni2, we choose the aforementioned states |[64) and
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TABLE II. Optimized parameters of the laser pulse for each spin-transfer and spin-flip process on the carbon cross system. AE is the
energy difference between the initial and target states. 6 and ¢ denote the angles of 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, and Ej,,; denotes
the laser energy. The chirp is linear, and the tabulated values indicate the change of the frequency at times £FWHM with respect to the peak

(central) frequency (zero means no chirp).

Fidelity Amplitude FWHM  Ej; chirp

Structure Scenario (%) AE (eV) 0 (deg) ¢ (deg) y (deg) (10° V/m) (fs) (eV) (%)
Nil | — Ni2 | 92.9 0.127 100.0 18.9 0.5 1.757 309 0.127 +4.83
Ni,Cp  Nil}— ECEs]  98.5 3.880 58.6 29.0 87.4 2.713 447 2160 -—2.31
, Ni2|— ECEs]  99.1 4.007 94.9 16.1 213.1 1.316 475 3920 +0.40

spin transfer

Nil|— Ni2| 99.9 0.549 1283 1839 478 0.140 226  0.535 —1.40
Ni,Cy  Nill— ECEs|  98.3 2.235 111.0 3515 47.0 0.818 86 1.869  +3.92
Ni2|— ECEs|  99.9 2.784 92.3 88.7 33.7 1.552 323 2696 +2.42

NiLC Nil |— Nil4 92.9 0.113 53.7 116.7  290.0 4011 296 1340  0.00

spin flip 22 Ni2 | — Ni24 86.5 0.113 61.0 74.5 3217 4238 456  2.163  0.00
NiLC Nil |— Nil4 83.4 0.104 74.0 118.8 75.2 0.209 476 0966  0.00

2 Ni2 | — Ni24 96.7 0.010 98.5 26.5 22.7 1.159 436 1.938  0.00

|68) as the initial and target states of the A process. If the
system is excited from state |64) to state |68), a spin-transfer
process from Nil to Ni2 is achieved. After the global opti-
mization of the laser parameters with our genetic algorithm
program, the fidelity reaches 92.9%. The corresponding laser
parameters are listed in Table II, and the time evolution of the
population of each many-body state is illustrated in Fig. 2(b).
The whole transfer process finishes within about 450 fs. Such
a process demonstrates that the two Ni atoms can still indi-
rectly interact with each other through a bent long-distance
carbon chain structure, which is a further improvement of our
previous results on the linear carbon chain structure [57]. No-
tably, the reverse transfer process Ni2 — Nil is also achieved
with the same laser pulse, except that the chirp is symmet-
rically modified from 4.83% to —4.83%. The fidelity of the
reverse spin-transfer process reaches 90.4%, which is almost
the same as in the forward process (see Appendix for details).

The reversibility actually results from two factors: one is
that the same many-body states are populated during the two
processes, and the other is that the original process ends with
a comparably high fidelity. In contrast to the ERASE func-
tionality [45], the chirp is applied to break the time-reversed
symmetry so that one can fix the direction of the information
transition. Both processes involve eight intermediate states,
namely states |1), |22), |25), |52), |57), |60), |61), and |63).
Most of them are practically pure-spin states (triplets) with
spin component (S;) = —1. This is understandable since both
the initial and the target states are pure spin-down states as
well. The success of the long-distance spin transfer between
the two Ni atoms is attributed to the conjugation effect on
the carbon cross. Out of the eight intermediate states, states
|25) and |57) play the most important role. If we delete either
of these two states, the spin-transfer processes get almost
completely suppressed, with fidelity lower than 40%. Both

laser pulse Ni1—Ni2 spin transfer on Ni ,C,, Ni1—Ni2 spin transfer on Ni ,C,,4
1.0 1.0
Nitd: Nit1d:
c 081 state |64) c 08T state [29)
.0 o
® 06 ®© 06, MOy MO,g,
2 » 2 1 o
& 0.4 ncz 04+
02f 02"
M{”AV(UK (b) (c)
0.0 PN\ ) 0.0
-400 -200 0 200 400 -400 -200 0 200 400
Q) nickel  « carbon (@) Time (fs) Time (fs)

FIG. 2. (a) The schematic of an optical integrated spin logic unit assembled by multiple carbon cross structures. The purple and yellow
spheres denote the nickel and carbon atoms, respectively. The spin (green arrows) states of each Ni atom are manipulated by the optomagnetic
coupling field. The nickel atoms serve as the spin logic elements (spin flip) and the carbon atoms serve as the communication channels among
the Ni atoms (spin transfer). (b) The Nil — Ni2 spin-transfer processes on Ni;Cq. (¢) The Nil — Ni2 spin-transfer processes on Ni,Cy4. The
red lines denote the state with spin localized on Nil and the green lines denote the state with spin localized on Ni2. The lines in other colors
denote the intermediate states. The two arrows |, and 4 represent the spin direction of the corresponding states. The excitation MO;g; — MOyg
is the dominant excitation of the Nil — Ni2 spin-transfer processes on Ni,Ca4, which are shown in panel (c).
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TABLE III. The expectation values of spin density distributed
on Ni,Cy. Energies and expectation values of the spin angular
momentum components (3,) of all the many-body states calculated
by EOM-CCSD are listed as well. SOC and external magnetic field
(B = 0.235 T, along the 7 axis) are included. The sign of (S.) denotes
the spin direction: positive and negative values are spin-up and spin-

down, respectively.

Spin density

State  E (eV) (S.) Nil Ni2 ECEs

1) 0.000 —1.000  —0.064  —0.060 —1.220
12) 0.000 0.000 0.000 0.000 0.000
13) 0.000 1.000 0.064 0.060 1.220
14) 0.913 0.000 0.000 0.000 0.000
15) 1.240 0.000 0.000 0.000 0.000
6) 1.449 —0.002  —0.002  —0.001 0.000
|7) 1.449 0.000 0.000 0.000 0.000
18) 1.465 —0.002  —0.001 —0.002 0.000
19) 1.466 0.000 0.000 0.000 0.000
110) 1.479 0.002 0.002 0.001 0.000
[11) 1.496 0.002 0.001 0.002 0.000
[12) 1.519 —0.001 —0.001 —0.001 0.000
[13) 1.537 —0.001 —0.001 —0.001 0.000
[14) 1.564 0.002 0.001 0.001 0.000
[15) 1.564 0.000 0.000 0.000 0.000
116) 1.582 0.000 0.000 0.000 0.000
[17) 1.582 0.002 0.001 0.001 0.000
[18) 1.911 0.000 0.000 0.000 0.000
119) 1.917 0.000 0.000 0.000 0.000
120) 1.930 0.000 0.000 0.000 0.000
|21) 1.935 0.000 0.000 0.000 0.000
122) 1.951 —-099  —0.150  —0.170 —0.505
|23) 1.951 0.000 0.000 0.000 0.000
|24) 1.951 0.996 0.150 0.170 0.505
125) 2.171 -1.019  —0.133 —0.135 —1.107
126) 2.171 0.000 0.000 0.000 0.000
127) 2.171 1.019 0.133 0.135 1.107
28) 2.484 —0.002  —0.001 —0.001 0.000
129) 2.484 —0.217 —0.078 —0.083 —0.040
130) 2.485 0.216 0.078 0.083 0.040
131) 2.490 —0294  —0.188 —0.189 —0.016
132) 2.490 0.296 0.189 0.190 0.016
133) 2.491 0.001 0.000 0.000 0.000
134) 2514 —0.636  —0.397 —0.335 —0.047
135) 2514 0.636 0.397 0.335 0.047
136) 2514 0.000 0.000 0.000 0.000
137) 2758 —0.002  —0.001 —0.001 0.000
138) 2.760 —0.053 —0.031 —0.032 —0.002
139) 2762 0.047 0.028 0.029 0.002
140) 2.765 —0.082  —0.029 —0.079 —0.002
|41) 2.766 0.004 0.003 0.003 0.000
|42) 2.766 0.084 0.030 0.080 0.002
143) 2778 —0.076  —0.044  —0.030 —0.011
|44) 2.779 0.001 0.000 0.001 0.000
|45) 2779 0.076 0.044 0.030 0.011
|46) 2.799 0.000 0.000 0.000 0.000
|47) 2.800 —0.080  —0.075 —0.032 0.000
|48) 2.802 0.080 0.075 0.032 0.000
|49) 2.802 0.000 0.000 0.000 0.000
150) 2.981 0.000 0.000 0.000 0.000
I51) 2.982 0.000 0.000 0.000 0.000
152) 3.008 —0.998 —0206  —0222  —0.693

TABLE IIl. (Continued.)

Spin density

State  E (eV) (S.) Nil Ni2 ECEs

153) 3.009 0.000 0.000 0.000 0.000
154) 3.009 0.998 0.206 0.222 0.693
155) 3.254 0.000 0.000 0.000 0.000
156) 3.282 0.000 0.000 0.000 0.000
157) 3.407 —1.000  —0.195 —0.208 —1.207
158) 3.407 0.000 0.000 0.000 0.000
159) 3.408 1.000 0.195 0.208 1.207
160) 3.878 —0.003 —0.001 0.000 0.000
|61) 3.879 —0.907 —0.088 —0.083 —1.048
162) 3.879 —0.001 —0.001 0.000 0.000
|63) 3.879 0.909 0.088 0.083 1.050
|64) 3.880 —1.011 -0.824  —0.015 —0.947
165) 3.880 0.001 0.001 0.000 0.000
166) 3.880 1.012 0.825 0.015 0.946
167) 4.005 0.000 0.000 0.000 0.000
168) 4.007 —1.039 —0.024  —0.820  —0.957
169) 4.007 0.000 0.000 0.000 0.000
|70) 4.007 1.039 0.024 0.820 0.957
|71) 4.441 —1.000  —0.241 —0232  —0.300
[72) 4.441 0.000 0.000 0.000 0.000
|73) 4.441 1.000 0.241 0.232 0.300

of them are dominated by the virtual excitation that contains
the conjugated m orbitals of the carbon chains. As in our
previous results on the single carbon chain structures [57],
such conjugated orbitals directly interact with the d orbitals
of both Ni atoms and build the spin channels between them.

The Nil | — ECEs | and Ni2 | — ECEs | transfer
processes are also achieved with extremely high fidelities,
which are 98.5% and 99.1%, respectively. For both scenarios,
we take the ground state |1) with spin density mainly local-
ized on the two ECEs as the target state. The Nil — ECEs
transfer process is accomplished within around 1100 fs, while
the Ni2 — ECEs transfer is much faster (600 fs) and more
efficient (see Appendix for details). The reversed spin-transfer
processes are also achieved with the same laser pulses (of
course the sign of the chirp is changed). The parameters of
the corresponding laser pulses are listed in Table II. States
|25) and |57) are still the two most dominant intermediate
states. The absence of any of them reduces the fidelity to lower
than 47%. This once again indicates the importance of the
conjugated orbitals of the carbon atoms.

Now we enlarge the carbon cross system to Ni;Cyay. Al-
though the distance between the two Ni atoms is increased,
the spin transfer between them is still achieved within half
a picosecond. Here we use states [29) (with spin localized on
Nil) and |38) (with spin localized on Ni2) as the initial and the
target states, respectively. Both Nil — Ni2 and Ni2 — Nil
transfer directions achieve extremely high fidelities (99.9%
and 99.8%). The laser parameters are listed in Table II. No-
tably, the energy difference between the two states is 0.549 eV,
which matches the optimized laser energy 0.535 eV. The
nearly equivalent energy indicates this spin-transfer scenario
is a direct excitation process between the initial and the fi-
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TABLE IV. The expectation values of spin density distributed
on Ni,Cys. Energies and expectation values of the spin angular
momentum components of all the many-body states calculated by
EOM-CCSD are listed as well. SOC and external magnetic field
(B = 0.235 T, along the 7 axis) are included. The sign of (3.) denotes
the spin direction: positive and negative values are spin-up and spin-
down, respectively.

Spin density

State  E (eV) (S.) Nil Ni2 ECEs

1) 0.000 —0.999 —0.026  —0.062 —0.537
12) 0.000 0.000 0.000 0.000 0.000
13) 0.000 0.999 0.026 0.062 0.537
4) 0.936 0.000 0.000 0.000 0.000
5) 1.109 —0.038 —0.039 —0.001 —0.013
6) 1.110 0.000 0.000 0.000 0.000
17) 1.112 0.038 0.039 0.001 0.013
18) 1.186 0.000 0.000 0.000 0.000
19) 1.198 —1.044  —0.009 —1.010 —0.478
110) 1.198 0.000 0.000 0.000 0.000
[11) 1.198 1.043 0.009 1.010 0.478
[12) 1.217 0.000 0.000 0.000 0.000
113) 1.393 0.000 0.000 0.000 0.000
[14) 1.438 —1.042  —0.035 —1.021 —0.439
[15) 1.439 0.000 0.000 0.000 0.000
116) 1.439 1.042 0.035 1.021 0.439
[17) 1.561 0.000 0.000 0.000 0.000
118) 1.561 -0.014  —0.013 0.000 —0.005
119) 1.568 0.014 0.013 0.000 0.005
[20) 1.710 0.000 0.000 0.000 0.000
121) 1.805 0.000 0.000 0.000 0.000
122) 1.859 —1.000  —0.060  —0.044 —1.023
[23) 1.859 0.000 0.000 0.000 0.000
[24) 1.859 1.000 0.060 0.044 1.023
125) 1.947 0.000 0.000 0.000 0.000
126) 2.110 —0.997 —0.281 —0.047 —0.659
127) 2.110 0.000 0.000 0.000 0.000
128) 2.110 0.997 0.281 0.047 0.659
129) 2.235 —0.999 —1.553 —0.007 —0.107
130) 2.235 0.000 0.000 0.000 0.000
131) 2.235 0.999 1.553 0.007 0.107
132) 2511 —0.999 —0.114  —0.035 —0.613
133) 2.511 0.000 0.000 0.000 0.000
134) 2.511 0.999 0.114 0.035 0.613
135) 2.739 —1.000  —0.037 —0.512 —0.451
136) 2.739 0.000 0.000 0.000 0.000
137) 2.739 1.000 0.037 0.512 0.452
138) 2784 —1.000  —0.010  —1.411 —0.193
139) 2784 0.000 0.000 0.000 0.000
140) 2.784 1.000 0.010 1.411 0.193
[41) 2914 0.000 0.000 0.000 0.000
|42) 3.258 0.000 0.000 0.000 0.000
143) 3.410 0.000 0.000 0.000 0.000
|44) 3414 —1.046  —0.033 —1.020 —0.471
|45) 3.414 0.000 0.000 0.000 0.000
|46) 3.414 1.046 0.033 1.020 0.471
|47) 3.499 —0.998 —0.151 —0.042 —1.003
|48) 3.499 0.000 0.000 0.000 0.000
|49) 3.499 0.998 0.151 0.042 1.003
150) 3.696 —1.000 —0446  —0.019 —0.450
151) 3.696 0.000 0.000 0.000 0.000
152) 3.696 1.000 0.446 0.019 0.450

TABLE 1V. (Continued.)

Spin density

State  E (eV) (S.) Nil Ni2 ECEs

153) 3.825 0.000 0.000 0.000 0.000
|54) 3.899 —1.005 —0218  —1.290  —0.340
155) 3.899 0.000 0.000 0.000 0.000
156) 3.899 1.005 0.218 1.290 0.340
157) 3.944 0.000 0.000 0.000 0.000
158) 4.143 0.000 0.000 0.000 0.000

nal state, which is quite similar to the OISTR mechanism
[27,28]. Actually, if one removes the 15 intermediate states
involved in the transfer process, the fidelity still remains at a
large value around 90%. A similar scenario is found for the
Ni2 — ECEs spin-transfer process (|38) — [1)), which is
also a direct excitation process. The energy of the optimized
laser pulse (2.696 eV) matches the energy difference between
[1) and |38) (2.784 eV). Deleting the intermediate states can
only induce a minor change of the fidelity in the range of
around 0.1% (the original fidelity is 99.9%). Contrary to the
previous one, the Nil — ECEs spin-transfer process proceeds
as a A process. The initial and target states are |29) and |1),
respectively. The energy difference between the two states
(2.235 eV) is about 1.2 times the laser energy (1.869 eV),
which indicates the importance of the intermediate states.
Actually, with the absence of the two dominant intermediate
states |26) and |35), the fidelity drops to 3.0% and 5.3%, re-
spectively. The reverse spin-transfer proceeds similarly (with
the chirp sign changed). The corresponding detailed illustra-
tions are given in the Appendix.

These results are quite interesting since only the scenarios
taking state |38) as the initial or target states are direct excita-
tion processes. This can be explained by the oscillator strength
among these states. Figure 3 depicts the optical spectra corre-
sponding to the three states |1), |29), and |38). Since states |1)
and |29) have higher oscillator strength with states |26) and
|35) than with each other [shown in Figs. 3(a) and 3(b)], the
states |26) and |35) are populated first during the spin-transfer
process between Nil and ECEs. However, state |38) exhibits
much lower oscillator strength with the mentioned two inter-
mediate states but comparably higher interaction with |1) and
|29) [shown in Fig. 3(c)], thus it more likely turns out to be
a direct excitation process rather than a A process. One may
also notice the high peak close to |35) from the left [shown
in Figs. 3(a) and 3(c)], which results from the transition to
state |32). Since this is off-resonant with the laser pulse, the
influence from this state is negligible. In addition, the direct
excitation is also attributed to the conjugated m orbitals of the
carbon atoms. Taking the Nil — Ni2 spin-transfer process as
an example, the initial and the target states both contain plenty
of the virtual excitations involving the conjugated orbitals
(MOyg;). The interaction between MO;g; and MOgy, which
is another MO mainly composed of the 7 orbitals, contributes
the most to the transition moment between the two states. The
corresponding one-electron reduced density matrix (1eRDM)
element of these two MOs is around 0.046, which is the largest
element of the matrix. Therefore, although the dominant d
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FIG. 3. The optical spectra of states |1) (a), [29) (b), and |38)
(c) of Ni,Cu4. The red vertical lines mark the positions of the impor-
tant states (|1), |26), |29), |35), and |38)) involved in the spin-transfer
processes.

orbitals of the two different Ni atoms cannot directly interact
with each other, the conjugated 7 orbitals can still serve as
the spin channels and transfer spin density from one Ni atom
to the other. Moreover, our calculations show that the charge
density on each C atom remains practically unchanged, which
indicates a nondissipative charge-transfer process with the
carbon cross serving as the conducting channel.

In the aforementioned spin-transfer processes, both the
initial and the target states are the spin-down substates ((S,) =
—1) of triplet states. If we take the corresponding spin-up
states ((S;) = +1) as the initial and the target states, the spin-
up transfer processes are achieved. For NiyCyy, the spin-up
states |3), |66), and |70) correspond to the aforementioned
spin-down states |1), |64), and |68), respectively. For NiyCyy,
the spin-up states |3), [31), and |40) correspond to the afore-
mentioned spin-down states |1), |29), and |38), respectively.
Notably, one also finds the spin-up states corresponding to
the spin-down intermediate states. The detailed information
of these states is shown in Tables III and IV. Since the spin-up
and the spin-down states stemming from the same triplet state
have the same electronic configurations, the same laser pulses
for driving the spin-down transfer processes can induce the
spin-up transfer processes as well. Therefore, all the afore-
mentioned 12 spin-transfer scenarios are achieved.

C. Spin-flip scenarios on carbon crosses

In this section, we introduce the local spin-flip scenarios on
the two Ni atoms. The spin flips on the two ECEs are not taken
into account, since they only serve as the input and output bits.
Considering the spin localization and spin direction, there are
in total four different cases: Nil | — Nil 4, Nil 4 — Nil |,

1.0 spin flip on Ni1 of Ni ,C,, 10 spin flip on Ni1 of Ni ,C,,
0.8 0.8
S Ni1{: state |64 Ni1T: state |66) s
w06 T =06
32 32 Ni1{: state |29 Ni17: state [31),
£04r £04}
0.2 02}
a b
0.0 (@) 0.0 = ()
-400 -200 0 200 400 -600 -300 O 300 600

Time (fs)

- | spin-down transfer |- -| spin flip
92.9%
P — o
Ni2 | —— nNi1 | Ni2 &7 %
91.3% \
i 98.5%

Time (fs)

spin-up transfer

98.5% . Ni1

97.7%

|
| T
99.1% 86.5% 99.1%
\ /r
—
99.1% 86.4% 99.1%

92.9%“ 90.4% 92.9%“ 90.4%

(c)

FIG. 4. The down-to-up spin-flip processes on the Nil atom of
NiyCyy4 (a) and Ni, Cyy (b), respectively. The red and blue lines denote
the time evolution of the population of the spin-down initial (|64) and
|29)) and spin-up target states (|66) and |31)), respectively. The inter-
mediate states are denoted by the lines in other colors. (¢) Schematic
of a complete spin transmission cycle based on the achieved spin-flip
and spin-transfer processes. The red and blue arrows denote the spin
direction and spin localization of the two Ni atoms. The gray circles
with “C” inside denote the two ECEs with nearly zero spin density.
The percentage values near the black arrows denote the fidelity of the
spin-dynamic processes on NiyCy,.

Ni2 | — Ni2 4, and Ni2 1 — Ni2 | (simultaneous spin-flip
and spin-transfer is generally not found). The substates with
opposite directions stemming from the same triplet state can
be employed as the initial and target states of the spin-flip
processes.

For the smaller structure Ni,C,4, we directly choose states
|64) and |66) as the initial and target states to achieve the spin
flip on Nil, and we choose states |68) and |70) for the spin
flip on Ni2 (down-to-up spin-flip processes). For both, the
energy differences between the two substates are 0.113 meV,
which are large enough to make them addressable with a
laser pulse and at the same time small enough to prolong
the lifetime of the energetically higher state by suppressing
the direct relaxation processes [72]. The highest fidelities
of the spin flips on Nil and Ni2 reach 92.9% and 86.5%,
respectively. Different from the spin-transfer processes, since
the direct excitation between the initial and target states is
electric-dipole forbidden (they are nearly pure spin states),
spin-mixed intermediate states are required to serve as the
population-transfer channels. Figure 4(a) illustrates the time-
dependent population for the spin flip on the Nil atom of
NiyCyys. Out of the 45 intermediate states, seven states are
dominant. By deleting any of them, the fidelity is reduced to
less than 35.0%. All of them are spin-mixed states (two of
them are singlet states and the remaining ones are the |S;) = 0
substates of the triplets). Similar scenarios are found for the
spin-flip process on the Ni2 atom. The reverse scenarios from
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spin up (initial states: |66) and |70)) to spin down (target
state: |64) and |68)) are also achieved with the same laser
pulses. The corresponding fidelities are 91.3% (flip on Nil)
and 86.4% (flip on Ni2), respectively. Since the same laser
pulses are used, the behavior is nearly identical to the original
[{) — 1) spin flips (see Appendix for details). The mech-
anism of the reversibility of the spin-flip process is slightly
different from the spin-transfer scenario: Due to the high
similarity of the electronic configurations of the initial and
target states, they exhibit nearly the same transition properties
as the intermediate states, which ensures the spin-flip reverse.
This is also the reason why the spin-flip process is reversible,
but with comparably small fidelity.

For the larger carbon cross structure NipCyy, the spin-down
state |29) and the corresponding spin-up state |31) are used
for achieving the spin flip on Nil [Fig. 4(b)]. The spin-down
state |38) and the spin-up state |[40) are chosen for the spin
flip on Ni2. The fidelities of the |]) — |1) scenarios on
Nil and Ni2 reach 83.4% and 96.7%, respectively. The re-
versed | 1) — || ) flip scenarios are also accomplished with
the same laser pulses. The corresponding fidelities on Nil
and Ni2 are 81.2% and 96.2%, respectively. Each spin-flip
process takes around 800 fs. Similar to the spin-flip scenarios
on the Ni,Cy4 structure, all dominant intermediate states are
spin-mixed states. Since the spin-mixed states are necessary
for achieving spin-flip processes on single magnetic centers,
one can block a spin-flip process by hindering of the inter-
mediate states, as will be discussed in the next section. Now
we conclude that the spin-flip processes can be achieved on
the magnetic centers of the carbon cross structures. Combined
with the spin-transfer processes mentioned in the preceding
section, we are able to form a complete spin information
transmission cycle [shown in Fig. 4(c)]: one can modify the
spin properties of the arbitrary spin centers (Nil and Ni2) and
transfer the spin density along any arbitrary path (Ni-to-Ni,
Ni-to-ECEs, and ECEs-to-Ni) with arbitrary spin direction (up
or down). Additionally, considering that the laser pulses are
short enough, these dynamic scenarios that start from pure
states are inherently spin-coherent.

D. Individual spin addressing

In an integrated logic processor, the high addressability of a
single spin center is required, e.g., Bayliss ef al. demonstrated
the optical addressability of ground-state spins in a series of
synthesized organometallic, chromium (IV) molecules [73].
To the best of our knowledge, the minimum focal spot size
of laser pulses reaches tens of nanometers [74,75], which is
still larger than our system by one order of magnitude. Using
laser pulses to address individual magnetic centers may fail
since one on-chip pulse could spot on several spin centers
in the meantime if they are densely arranged [57,58]. Con-
sidering that the A process can only be achieved with high
fidelity under a specific magnetic field strength, we propose
that one can use an inhomogeneous magnetic field to address
the single spin centers (Ni atoms) on the carbon cross struc-
ture [Fig. 5(a)]. In principle, with the magnetic field strength
increasing from O T, the fidelity of the local spin-flip process
will first increase up to a maximum value for the magnetic
field for which it was optimized, and then decrease. Since the
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|B]
substrate (a)
[ —— spin flip on Ni1
100 - 100 — spin flip on Ni2
~ 80 spin flip and _. 80t spin flip on Ni,C,,
2 transfer on Ni,C,, R
.‘? 60 — spin flip on Ni1 > 60
= =55 i i 2
::uQ_J 40 il?;’zlol»':\l%nsp:n transfer _qc) 40+
—— Ni1-to-ECESs spin transfer| &=
20 Ni2-to-ECEs spin transfer 20}
" (b) ol ©
0 50 100 150 200 250
B(T) 0 5 10 15 20 25
B(T)
100
80 spin transfer on Ni,C,, Riboe
3 —— Nit-to-Ni2 spin transf s
e 601 — N:1AIZ-E;)ESSP g‘pi;al?:rzfer @ 3.880
g‘ Ni2-to-ECEs spin transfer S avoided crossing
[7] =
2 40 2 3478
20+
ot (d) 3.876 (e)
0 5 10 15 20 25 0 2 4 6 8 10 12 14
B(T) B(T)

FIG. 5. (a) Schematic of magnetic field modulated spin-flip pro-
cesses on a carbon cross system. The red and blue arrows denote
the spin direction and spin localization of the two Ni atoms. The
two ECEs are denoted by the gray circles. Only at the specific
magnetic field strength is the spin flip achieved. In other words,
the corresponding fidelity is 100%. (b)—(d) The dependence of local
spin-flip and global spin-transfer processes of Ni,C,4 and Ni,Cyy on
magnetic field strength, respectively. (e) The energy of the state |64)
(red line) and its nearest states (black lines) at different magnetic
field strength. The lowest state |60) at O T is a singlet state. The blue
dashed line marks the avoided crossing between state |64) and state
|62).

optimization of the laser pulse is performed with the magnetic
field strength of 0.235 T, the fidelity usually peaks at this
value. When we increase the magnetic field strength from 0 to
0.235 T, the Zeeman effect gets enhanced, and the spin-mixed
initial and target states (due to SOC) tend to be spin-pure and
more addressable for the laser pulse. Therefore, the fidelity
of the local spin-flip process increases (a similar scenario
happens for spin-transfer processes). However, if we keep in-
creasing the magnetic field, the SOC becomes relatively weak
(Paschen-Back effect) and the dominant spin-mixed interme-
diate states also tend to be spin-pure, which, in turn, blocks
the population-transfer channels and suppresses the spin-flip
process. Notably, the spin-transfer processes preserve their
high fidelity even for strong magnetic fields (> 0.235 T), be-
cause the pure-spin intermediate states turn out to be the major
channels in such cases. This is also expected for preserving
spin information during the transfer processes.

Figure 5(b) illustrates the magnetic-field-modulated fi-
delity of a local spin-flip process on the Nil atoms and the two
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spin-transfer processes (Nil — Ni2 and Nil — ECEs) on
NiyCy4. We stipulate that the A process fails if the correspond-
ing fidelity is lower than 50%. For the spin-flip process on
Nil, the fidelity peaks at around 1.145 T and decreases down
to 49.7% at around 11.870 T. Supposing that there are two
neighboring carbon cross structures and the magnetic field
gradient is 10 T/um [76-81], the distance between the identi-
cal Nil atoms of the two crosses should be at least 1.073 um
[(11.870 — 1.145)/10] in order for the spin-flip scenarios to
be distinguishable. Notably, Nil and Ni2 on the same carbon
cross are distinguished according to the asymmetry configu-
ration. The fidelity of the spin flip on Ni2 peaks at around
0.205 T and decreases to 49.0% at around 38.313 T. The
corresponding distance between the two identical Ni2 atoms
is 3.811 pum [(38.313 — 0.205)/10]. For the spin-transfer sce-
narios (between Nil and Ni2, and between Ni2 and ECEs), the
fidelities are preserved after the process reaches the highest
values. A special scenario occurs during the spin transfer be-
tween Nil and ECEs: the fidelity decreases slightly when the
magnetic field strength exceeds 0.235 T. This is because two
spin-mixed states |5) and |7) are involved as the intermediate
states. The absence of them will decrease the fidelity to 85.4%
and 86.4%, respectively. A strong magnetic field changes their
electronic configurations and therefore slightly decreases the
fidelity. Nevertheless, since the two spin-pure states |26) and
|35) are the most important intermediate states, they ensure
the high fidelity of the whole processes. According to our
calculations, even if we increase the magnetic field to an
unreasonably high value at 235.05 T, the fidelity is still higher
than 60%.

The situations are a little bit different for the smaller struc-
ture NiyCo4. Especially for the spin-dynamics processes on
Nil, the fidelity drops abruptly at around 4.678 T [shown
in Figs. 5(c) and 5(d)]. The whole processes, even the spin-
transfer processes, are completely blocked when the magnetic
field strength is larger than 8.490 T, which is much smaller
than the corresponding strength on the larger system. This
is attributed to the coherent superposition of the initial state
and its quasidegenerate state induced by the SOC effect. For
both spin flip on Nil and spin transfer from Nil to ECEs,
we take state |64) as the initial state. Figure 5(e) depicts the
energy levels of the state |64) (red line) and its six neighboring
states. At 4.678 T (marked with the blue dashed line), there is
an avoided crossing between the states |64) and |62), which
means that there exists a coherent superposition of them.
The electronic configuration of the initial state |64) changes,
thus reducing the fidelity of the corresponding spin-dynamic
processes. Based on these results, we give an additional con-
clusion that the SOC effect can further increase the sensitivity
of the local spin flip with respect to the external magnetic
field.

E. Double-pulse induced spin dynamics

Based on the results in the preceding section, the distances
for distinguishing the local spin dynamics by using the in-
homogeneous magnetic field are still much larger than the
present CMOS scale (around 5 nm). Considering that the
laser-induced spin-dynamic processes strongly depend on the
quantum coherence of the involved many-body states, one

can use a second pulse to manipulate the efficiency of the
A process and thus increase the addressability of the local
spin-flip processes. The second pulse is effective only with
the specific relative phases induced by the first pulse. Such a
process is termed the “double-pulse” process. Equations (3)
become

dea(t)
ar

= Y W s (6 + Fina 0+ A1)
k

X [We)ex(r)e BB, “

where At is the delay between two laser pulses. Hip1 (1) and
Hioo (t) denote the interaction Hamiltonians of the first and the
second pulses. Here we use the same initial and target states,
and we apply the same external magnetic field used in the
aforementioned single-pulse processes for the optimization
of laser pulse parameters. The spin-flip scenario on the Nil
atom of the larger structure Ni,Cyy is taken as the examples.
As shown in Fig. 6(a), the first laser pulse cannot induce a
complete spin flip from state |29) to state |31), but it results
in a coherent quantum superposition of the involved states
> ci(t)|W)e ™" (1, is the end time of the first laser pulse;
w; 1s the energy difference between the ith state and the ground
state). Before applying the second laser pulse, the phase of
each state keeps rotating with the frequency of w;. After the
time delay At, the proper relative phases are reached, and the
second pulse is applied immediately to complete the spin flip.
Figure 6(b) depicts the double-pulse spin flip on Nil with
delay between the two laser pulses twice their FWHM. Its
fidelity is 81.9%, which is similar to the value of the single-
pulse spin-flip process. The parameters of the optimized laser
pulse are 6 =31.9°, ¢ = 53.7°, y =284.1°, amplitude =
2.548 x 10° V/m, FWHM = 451 fs, Ej,; = 3.254 €V, and
chirp = —3.21%. Notably, the time delay Az plays an im-
portant role for resulting in the high fidelity. If we fix the
magnetic field strength (0.235 T) and change the delay,
the spin-flip process can be completely blocked [shown in
Fig. 6(c)].

Because the spin-mixed intermediate states still play the
most important roles, one can use an inhomogeneous mag-
netic field to distinguish the local spin-flip processes on
the two identical Ni atoms as well. Considering that w; is
roughly proportional to the magnetic field strength w;(|B|) ~
wo; + 1i|B| (wy; and w; are the energy and the magnetic
moment of the ith state at O T), increasing of the magnetic
field strength should result in an oscillation of the fidelity.
Figure 6(d) shows the fidelity of the double-pulse spin-flip
processes on Nil for different magnetic field strengths, ex-
actly as we expect. These results are quite important, since
they demonstrate that the double-pulse spin dynamics is more
sensitive to the strength of the external magnetic field. There-
fore, one can distinguish the local spin-flip processes on the
two identical Ni atoms at shorter distances. Assuming that
the gradient of the magnetic field strength is 10 T/um, the
shortest distance between the two identical Nil atoms has
to be around 60.0 nm. Now we come to the conclusion of
this section that double pulses can increase the individual
addressability of the local spin flip and thus enhance the
spatial resolution of the integrated spin logical devices that we
mentioned.
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FIG. 6. The double-pulse-induced spin-flip processes on Nil of
NiyCys. (a) Schematic of the double-pulse-induced spin-flip dynam-
ics. The arrows indicate the instantaneous states of the system. The
system stays at the initial state |29) in the beginning. After the first
pulse, the system is transferred to a coherent superposition state.
After the delay At, the second pulse is active. The population is
subsequently transferred to the target state |31). Panel (b) depicts
the time evolution of the population of the initial, target, and inter-
mediate states with a delay between the two pulses of two times
the FWHM. Panel (c) depicts the fidelity of the double-pulse spin
flip on Nil with a different delay between two laser pulses. Panel
(d) depicts the corresponding fidelity of the spin-flip scenarios under
the different magnetic field with a delay of two times (black line) and
50 times the FWHM (red line), respectively.

The fidelity of the second laser pulse depends on the phase
of each involved state at #; + At, which is roughly (wo; +
wi|B)(# + At). If we increase At, the phase will rotate more
with respect to the magnetic field strength |B|. Therefore, the
spin-flip processes will be more sensitive to the magnetic field,
and more oscillations will appear in the fidelity. Based on that,
we further increase the spatial resolution for the local spin-flip
processes by tuning the delay between the two pulses. Accord-
ing to our calculations, the distance between the two identical
Nil atoms can be reduced to 5.8 nm if we set the time delay to
50 times the FWHM [shown in Fig. 6(d)]. Similar situations
are found during the double-pulse spin-flip process on Ni2.
The corresponding results are shown in the Appendix.

F. Effect of the direction of the laser pulse

Since the carbon cross structures exhibit anisotropic
magnetic properties, applying laser pulses along different di-
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FIG. 7. (a) Schematic of the propagation directions of the applied
laser pulses. L1 (red-solid arrow) and L2 (red-dashed arrow) are the
laser pulses applied from different directions. L1 induces the high
fidelity of the spin dynamics, while L2 induces low fidelity. 6 and ¢
are the polar and azimuthal angles of L1, respectively. Panels (b)—
(g) depict the fidelity of the spin-transfer and spin-flip processes on
Ni, Cy4 with different laser directions. The crossover point of the two
dashed lines in each panel denotes the resonant direction of the laser
pulse optimized by our genetic algorithm program.

rections should, in principle, result in significant differences
of the spin-dynamic processes. The propagation direction of
the laser pulse is described by the polar angle 6 and the az-
imuthal angle ¢ in spherical coordinates [shown in Fig. 7(a)].
In our previous investigations, we have discussed the modifi-
cation scenarios of the spin-dynamics processes by changing
the polar angle within a fixed tolerance [82]. Substantial drops
of fidelity were observed for rotations of the laser pulse away
from its optimal direction by a small angle (5°~10°). However
the influence of the azimuthal angle ¢ was not investigated.
Therefore, in this section, we take a step further and discuss
the coupled effect of 6 and ¢ on the aforementioned ultrafast
spin-dynamic processes by varying them within a complete
angle range (from 0° to 360°).
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The larger system NiyCy4 is taken as the example. We fix
the magnetic field strength to 0.235 T and all the parameters
of the optimized laser pulses except for their polar angle and
azimuthal angle. We increase the two angles from 0° to 360°
with the step size of 3.6° (100 x 100 grid) and recalculate
the fidelity of all aforementioned spin-dynamic scenarios for
each laser direction. Figure 7 depicts the change of the local
spin-flip and global spin-transfer fidelity by modifying 6 and
¢ of the laser pulse. Since the polar angle ranges from 0°
to 180°, the extended part (180° < 6 < 360°) is simply the
reflection of the original panel. Notably, when 6 is 0°, one
can still find that the fidelity oscillates with the rotation of
the azimuthal angle ¢. This is due to the fact that the laser
pulses are elliptically polarized. The elliptical polarization
also results in the periodic change of fidelity along the ¢
axis with the period of 180°. In addition, each panels exhibits
inversion symmetry about the points (90°, 90°), (90°, 270°),
(270°,90°), and (270°, 270°).

For each scenario, the deviation of the laser pulse from the
resonant direction can result in a substantial change of the
fidelity. For spin-transfer scenarios, one can find wider tol-
erance regions for reaching high fidelity than for the spin-flip
scenarios. Especially for the two direct-excitation processes
[Fig. 7(b) Nil — Ni2, Fig. 7(d) Nil — ECEs], a tolerance
of around 25° from the optimized angles is found, which
is the maximum value among all the scenarios. To under-
stand these phenomena better, we delete all the intermediate
states of the Nil — Ni2 process and perform the calculations
again [Fig. 7(c)]. From nearly all the possible directions,
the optimized laser pulse can induce a high fidelity for this
transfer scenario. Such a fidelity conservation regarding the
laser direction is attributed to the direction-independent large
oscillator strength between the initial and target states. As we
mentioned in the previous section, such a spin transfer mainly
stems from the excitation MO;g; — MOgo. These two MOs
are nearly uniformly distributed on the two carbon branches
with the Ni attached, which results in large transition moments
along both x and y axes. If we include the intermediate states, a
large annular area and a small round area with low fidelity ap-
pears. Within this area, the population of the initial state |29)
is substantially transferred to the intermediate state |35). This
is also understandable due to the strong oscillator strength
between the state |35) and the state |29) (Fig. 3). The same sit-
uation is also found for the Ni2 — ECEs transfer process. In
addition, since spin transfers on the carbon cross structure are
in-plane scenarios, the deviation of 6 from the optimal value
usually results in a drastic change of the fidelity. This is quite
apparent for the Nil — ECEs transfer scenario [Fig. 7(d)].
For the spin-flip processes, since more intermediate states are
involved, the competition between the intermediate states and
the target states becomes even stronger. Therefore, a minor
change of the polar angle or the azimuthal angle can result in
a substantial drop of the fidelity. Similar scenarios are found
in the smaller structure Ni,Cy4, and the corresponding results
are shown in the Appendix.

IV. CONCLUSION

In summary, we systematically investigate the laser-
induced ultrafast spin-dynamic processes on two different

carbon cross structures with two Ni atoms attached (Ni,Cyy
and NipCy4) as well as the addressability of the local spin flip
on each Ni atom. The high-level quantum chemistry theory
CCSD and EOM-CCSD are used to calculate the electronic
configurations of the ground and excited states of the systems.
The spin density distributions are analyzed in detail based
on the obtained many-body states. There are mainly three
different distribution situations, namely spin localized on the
two ECEs at low energy levels, and spin localized on Nil
or Ni2 at high energy levels. By taking these states as the
initial or target states and applying the well-optimized laser
pulses, local spin flip on the two Ni atoms and the global spin
transfer through the carbon crosses are theoretically achieved
within the subpicosecond regime. Notably, the spin-transfer
processes between the two Ni atoms demonstrate the pos-
sibility of an indirect interaction between the two Ni atoms
through the carbon cross structure.

The modification scenarios of the external magnetic field
on the spin-dynamic processes are investigated to prove the
feasibility of individual spin addressability with A processes.
We find that a magnetic field gradient can clearly distin-
guish the local spin-flip processes under the same laser pulses
and in the meantime preserve the spin-transfer processes.
This is crucial in real integrated circuits, in which the two
processes must be separately controllable. In addition, the
SOC effect suppresses the spin-dynamics processes on the
smaller carbon cross Ni,Cy4 by inducing the avoided cross-
ing between the initial and the intermediate state, which is
energetically close to the initial state. We present the inter-
actions between the double pulses and the carbon crosses,
and we find that a double-pulse propagation can further in-
crease the sensitivity of the local spin flip with respect to the
external magnetic field, which in turn increases the spatial
resolution.

Finally, we investigate the effect of the laser direction on
the spin-dynamic processes, and we find that the deviation of
the laser pulse from the resonant direction can result in sub-
stantial changes on the spin-flip and spin-transfer processes.
These investigations are a significant step beyond our previous
research on the linear carbon-chain structures. They demon-
strate a clearer picture for generating a more complete and
complicated logic processing unit based on ultrafast optical
spin dynamics and magnetic molecules in the future.
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APPENDIX

1. Spin density distribution on carbon crosses

With EOM-CCSD calculations, we obtain 12 singlet states
and 20 triplet states for Ni;Cp4 and 12 singlet states and 15
triplet states for NiyCyy. Taking the single states obtained
by CCSD calculations into account, there are 73 many-body
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FIG. 8. The Ni2 — Nil, Nil — ECEs, ECEs — Nil, Ni2 —
ECEs, and ECEs — Ni2 spin-transfer processes on Ni,Cp, and
Ni;Cyyg. The red lines denote the states with spin localized on Nil
and the green lines denote the states with spin localized on Ni2. The
states with spin localized on ECEs are denoted by the blue lines. The
lines in other colors denote the intermediate states.

states found for Ni,Cyy (12 x 1 +20 x 34+ 1 =73, shown
in Table III) and 58 many-body states found for Ni;Cyy
(12 x 1+ 15 x 34+ 1 = 58, shown in Table IV).
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FIG. 9. The local spin-flip processes on the two Ni atoms of
Ni,Cy4 and NiyCyy. Panels (a) and (b) depict the down-to-up spin
flip on the Ni2 atoms of NiCy4 and NiyCyu4, respectively. Panels
(c) and (d) depict the reversed spin flip from up to down on the Nil
atoms of Ni,Cp4 and Ni,Cyy. Panels (e) and (f) depict the reversed
spin flip from up to down on the Ni2 atoms of Ni,Cy4 and NiyCyy.
The red and blue lines denote the spin-down and spin-up states
with spin localized on Nil, respectively. The green and orange lines
denote the spin-down and spin-up states with spin localized on Ni2,
respectively. The lines in other colors denote the intermediate states.

2. Spin-transfer scenarios on carbon crosses

Figures 8 depict all the available spin-down-transfer sce-
narios among the three spin centers on NiyCys and NipCyy,
including the reversed spin-down-transfer scenarios. Due to
the same interaction scenarios between the laser pulses and
the many-body states, the reversed spin-transfer processes are
nearly the reflections of the original processes.

3. Spin-flip scenarios on carbon crosses

Figure 9 illustrates the spin-flip process on the Ni2 atoms
of the two carbon cross structures. For the smaller struc-
ture Ni,Cpy, the states |68) (spin down) and [70) (spin up),
which stem from the same triplet state, are taken as the ini-
tial and target states, respectively. As for the larger structure
NiyCyy, the initial and target states are the states |38) (spin
down) and |40) (spin up), respectively. The reversed spin-
flip processes from spin up to spin down are also illustrated
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FIG. 10. The double-pulse-induced spin-flip processes on Ni2 of
Ni,Cyy. Panel (a) depicts the time evolution of the population of the
initial, target, and intermediate states with a delay between the two
pulses of two times the FWHM. Panel (b) depicts the fidelity of the
double-pulse spin flip on Nil with a different delay between two laser
pulses. Panel (c) depicts the corresponding fidelity of the spin-flip
scenarios under the different magnetic field with a delay of two times
(black line) and 50 times the FWHM (red line), respectively.

in Fig. 9. Since the electronic configurations of the initial
and target states are quite similar, the reversed spin-flip pro-
cesses are nearly equivalent to the original processes simply
by exchanging the population of the spin-up and spin-down
states.

4. Double-pulse-induced spin dynamics

States |38) and [40) are chosen as the initial and target
states for the double-pulse spin flip on Ni2, respectively. The
parameters of the optimized laser pulse are 6 = 169.7°, ¢ =
7.6°, y = 88.6°, amplitude = 4.783 x 10° V/m, FWHM =
310 fs, Ejpser = 3.724 eV, chirp = 1.59%, and the delay is set
as double FWHM. The fidelity reaches a high value of 94.7%
[Fig. 10(a)]. By increasing the time delay, this double-pulse
spin-flip process can also be blocked [Fig. 10(b)]. If the gra-
dient of the magnetic field strength is 10 T/um [76-81], the
shortest distance between two identical Ni2 atoms is around
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FIG. 11. The fidelity of Nil — Ni2 spin transfer (a), Nil —
ECE:s spin transfer (b), Ni2 — ECEs spin transfer (c), spin flip on
Nil (d), and spin flip on Ni2 (e) of Ni,C,4 with different laser
directions. The crossover point of the two dashed lines in each panel
denotes the resonant direction of the laser pulse optimized by our
genetic algorithm program.

93.7 nm for individually addressing each magnetic center, and
it can be shortened to 9.7 nm by increasing the delay to 50
times FWHM [Fig. 10(c)].

5. Effect of the direction of the laser pulse

Similar to the scenarios of Ni,Cs4, a small deviation
of laser pulse from the resonant direction can result in
a substantial drop of fidelity of the spin-dynamic process
(Fig. 11). Since there are more intermediate states involved
in the spin-dynamic processes on NiyCp4, which indicates
that the interaction between laser and many-body states
is more complicated, such a phenomenon is even more
apparent.
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