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Abstract
Ultrafastmagnetic dynamics is a necessary ingredient formagnetic recording and ultrafast
information processing. The shift functionality, although notmandatory for Boolean logic, is always
implemented inCMOSCPUs and thereforemust be also present inmagnetic logic. In this respect,
using ab initio calculationswe showultrafast spin dynamics inmolecular clusters such as Co3

+COand
Ni4. In this work, we establish that clusters withmagnetic atoms can provide a theoretical toolbox for
efficient spin charge dynamics whose operation time can range up to a few picoseconds. The prime
underlyingmechanism for all spinmanipulation scenarios in the abovementioned clusters are laser-
inducedΛ processes where the laser parameters are fully optimized using a genetic algorithm. In
general, a structural asymmetry enforces substantial spin localization on the active centers of both
magnetic clusters. Keeping inmind the shift functionality, we theoretically suggest a series of spin-
transfer scenarios between theCo andNi atoms in each of these two clusters independently to
construct a 3-bit and a 4-bit cyclic spin-SHIFT register, respectively. Themaximumoperational time
for both logic devices is 2 ps, which ismuch faster than the response time of conventional spintronic
devices. Additionally, for a better understanding of the transfer cycles, their feasibility and reversibility
are also investigated through the analysis of the optical spectra of the related states. Our results provide
important theoretical guidance for ultrafast spinmanipulation inmolecular structures as well as their
potential spin functionality, and thus step closer to the realization of future spin-based logic devices
and quantumcomputation. This effectivelymotivates the investigation and precise establishment of
the shift functionality inmagnetic trimers and tetramers.

1. Introduction

Since the past decade spintronics has created a buzz in the scientific arena. Contrary to the operations in
conventional semiconductor technology, spin based operations can be utilized both in classical as well as in
quantum computation at very small spatial and temporal scales. One aspect of this research is downscaling
devices if possible down to the atomic scale [1–6], by harnessing the spin degree of freedom as information bit in
Boolean logic [7–10].

Many theoretical studies have already shown the possibility of using light to induce ultrafastmagnetic
dynamics in extended systems [11, 12]. The spinmagneticmoment improves reading/writing operations and
can be used inmore efficient data saving devices asmagnetic random-access-memory (MRAM) [13–15]. The
NOR andOR gates have been built bymaking use of the spin frustration and indirect exchange coupling [16].
Other thanmagnetic fields and electric currents, laser pulses have been proved to be effective tools to regulate
andmanipulatematerial spins [17]. Ultrafast laser pulses also probe the exchange interactions (0.01 ps to 0.1 ps
time scale). The optical control ofmagnetic order has been thoroughly researched [18, 19]. A detailed review of
the experimental state-of-the-art ofmolecular spintronics, as obtainedwithmolecularmagneticmaterials can
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be found, among others, in [20], and a road-map of single-molecule computing in [21]. If one can order and
regulatemolecular spins with ultrafast laser pulses, it would lead to enhancement of information storage density
aswell as information processing speed. Typical paradigms, such asmolecular switches [22], singlemolecular
magnets [23], atomic spin logic gates [4, 7, 24], and spin shift register in an atomic chains [25, 26] have been
proposed and reported for future spin-based technological specialized applications.

Electronic circuits, which rely onmagneticmolecules or clusters to performBoolean logic have three
advantages. Firstly, they require aminimum surface area to implement. Secondly,manipulating the spin degree
of freedom the information transfer speed can be enhanced, and thirdly, such operations can bemade non-
volatile. In general, a sequential logic operation in a SHIFT register takes place in the formof storing and
transferring information as binary data (0 and 1). This creates as a cascade offlipflopswhich loads the input data
and shifts them after every clock pulse. Baskin et al emphasized the use of amolecular shift register as an
autonomousDNA synthesizer [27]. Lengwenus et al reported the transport of 2D arrays of neutral atoms in a
SHIFT like architecture [28]. Thismotivates the investigation of laser-driven ultrafast spin-basedmagnetic logic
inmulticentermagnetic clusters that exploits smallmomentum transfer, elementary excitations with significant
energy differences and operates on a femtosecond time scale. In the present studywe take a step ahead towards
the development of prototypic 3-bit and 4-bit cyclic spin-shift registers withCo3

+COandNi4magnetic clusters.
We use third-row-transitionmetal as our preferredmagnetic atoms primarily because they act as simple
prototypicmodel systemswhich can easily bemanipulated in experiments (mass spectrometry) and are less
atomistic than the fourth-row-transition-metal atoms (in the sense that there is usually a larger overlap of their
electronic states). Various properties of Co andNi clusters have already been investigated [29–36], revealing that
their complex electronic structure renders the opticalmanipulation of the spin very flexible and efficient.

The problemweneed to address is how to design logic elements and storage devices for classical or even
quantum computation, that are both effective and experimentally feasible. Recent progress in on-chip laser
technologymakes our design realistic [37–40]. In this studywe investigate twomagnetic clusters (namely
Co3

+COandNi4) and showhow they can be used for performing logic operations at themolecular level with
operational times below 2 ps. Our focus turns to the pursuit for the spin transfer cycle involving allmagnetic
centers for each structure and the attempt to offer clear-cut theoretical trimer/tetramer toolboxes for spin-
charge shift functionalities, which lie at the core of integrating logic elements in larger circuits.

The article is organized as following: In section 2we present the ab initio theory and computational details
pertaining to both the trinuclear and tetranuclear clusters. The electronic structure, optical spectra and ultrafast
spin dynamics of Co3

+COandNi4 are presented in section 3.1 and section 3.2 respectively. Lastly, in section 4we
summarize of ourfindings.

2. Theory and computational details

Differently fromother standardDFT-based approaches [41–44], we use highest-level quantum chemistry to
study laser-induced ultrafast spin dynamics inmolecular systems. In our calculations we treat themagnetic
systems quantummechanically in order to take into account the crucial effects of the static and dynamic
correlations on the level offirst-principles theory [10, 45]. Since the laser-matter interaction is steered by the
electric-dipole transitionmatrix elements, calculating themany-body excited states and thewave functions
accurately is a prerequisite. This eventually serves as a basis for our ultra-fast spin dynamics. The computations
pertaining to the theory are performed in four steps as following:

(i) In the first step we solve the non-relativistic model Hamiltonian of the magnetic system without any
externalfields. TheHamiltonian reads

ˆ
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whereNel andNel refer to the number of electrons and atoms, ri and rj refer to the position vectors of the
electrons, Ra andRb refer to the position vectors of the nuclei, andZa andZb are the charges of the nuclei.
The third term in the right hand side of the equation is ofmaximum importance as it gives rise to the
correlations. For example, themagnetic cluster shown infigure 1(a) is optimized at theHartree–Fock (HF)
level with the 6-31G(d) basis set [46, 47].

(ii) We perform the non-relativistic high-level quantum-chemistry calculations with the symmetry-adapted-
cluster configuration-interaction (SAC-CI)method [48] since it is size consistent [49–52] and describes the
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d− d and charge transitions accurately [45].With thismethod it is possible to calculate amultitude of
determinants that describe the correlations accurately [53]. Note that, during this the two kinds of electronic
excitations that are taken into account are (a) virtual excitations from the single-determinantal reference
state describe themany body nature of the state, and (b) real optical (laser) transitions between themany
body states obtained in this way, which aremediated by dipole transition-matrix elements. The SAC-CI
choice cost us less computational overhead, because, unlikemultireferencemethods, it deals with only one
orthogonal set ofmolecular orbitals. This allows us to take full advantage of the Slater-Condon rules. It is
known that the presence ofmore determinants accounts for the correlational effects resulting in high-
fidelity spin-dynamics scenarios. This further justifies the use of SAC-CImethod because themany-body
states of our systems typically consists ofmore than 1500 determinants.

(iii) Relativistic effects are taken into account by including the effect of spin–orbit coupling (SOC) and an
externalmagnetic field (Bstat). The corresponding time-independentHamiltonian can be expressed as:
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Figure 1. (a)The geometry of cluster Co3
+COand its energy levels obtained from SAC-CImethod, amongwhich the initial and final

states (|1〉, |35〉 and |37〉) of the spin dynamics to be discussed below aremarked here. Note, |36〉 and |38〉 are the spinmixed
intermediate states for the processes. The appliedBfield is 2.35 T. (b) Illustration of the cyclic SHIFT register sequences in the cluster
Co3

+CO.The dashed arrows show the shift directions of the three bits.
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For the results shown in this article, the applied Bstat is 2.35 T.With the use of the one-electron Breit
operator the SOC is calculated. L̂ and Ŝ are the orbital and spin angularmomentumoperators,μL andμS are
their respective gyromagnetic ratios and c is the speed of light. Relativistic effective nuclear charges Za

eff are
used to account for the two-electron integrals of SOC [54]. All terms used in equation (5) describe intrinsic
properties of thematerial. The necessity for the Zeeman-splitting (second and third term in the above
equation) arises among others from the need to (numerically) distinguish the different substates (different
values ofms) of the triplet states. Additionally it further lowers the symmetry of the system, thus creating
more spin-mixed states, which can be used as intermediate states for ourΛ processes. Thus, the total

Hamiltonian after the inclusion of SOC andmagnetic field is ˆ ˆ ˆ( ) ( )
H H H

tot 0 1= + . The eigenfunctions of
the newHamiltonian are expressed in terms of a linear combination of the eigenfunctions of the non-

relativisticHamiltonian i.e., ˆ ( )
H

0
. This is known as spinmixing.

(iv) To simulate the laser-matter interaction we take into account the effect of a tailored sech2 shaped laser
pulse. The time-dependentHamiltonian is given as:

ˆ ( ) ˆ · ( ) ( )( )H t tD E 3laser
2 =

where Etab2laser(t) is the time-dependent electric field of the laser pulse, respectively, and D̂ is the electric-
dipole transition operator. The laser pulse is characterized by six key parameters, i.e., three angles (θ,f, γ)
associatedwith the direction, energy (Eω), pulse duration FWHM, and amplitude. Themagnetic-dipole
interaction terms ˆ · ( )tL Bi

N
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el må = and ˆ · ( )tS Bi
N
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el må = are neglected in the calculation since they

are usually about two orders smaller than the electric-dipole interaction.

Under the influence of it, the evolution of the system is described by the following coupled differential
equations
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and solved using a fifth-order Runge-Kuttamethod and theCash-Karp adaptive-step control [55]. Here,
ˆ ( ) ˆ ˆ ( )( )

H t H H t
tot 2= + . En andEk are the energies of state |Φn〉 and |Φk〉, respectively, and ck(t) is a time-

dependent coefficient of the state |Φk〉 in the total wave functionΨ(t)=∑kck(t)|Φk〉. Driven by thewell-tailored
laser pulses and by choosing the appropriate initial and target states with differentmagnetic properties, certain
spin functionalities can be achieved based onΛ processes through the participation of several spin-mixed
intermediate states.

The laser-parameters are optimized using a specially designed genetic algorithm that searches for themost
efficient paths to transfer the electronic populationwithin themany-bodyHilbert space with a high-fidelity yield
[56]. Thewhole process takes placewith the emission and absorption of a photon. Further computational details
are given elsewhere [29–31, 45, 56, 57].

Ni4 has been previously investigated using the augmented bi-linear biquadraticHeisenberg-Dirac-van-
Vleckmodel spin-Hamiltonian [10]. These results differ substantially from the current full ab initio approach,
since themodelHamiltonian, unlike the present calculation, does not correctly take into account electronic
correlations. Themodel-spinHamiltonian approach assumes that the exchange integrals have the same values
for all electronic states regardless of their spatial composition.

3. Results

The results shownhere assume that the clusters exist in gas phase. Thus, a generic question persists about the
applicability of spin information storage in the gas phase.However, it has been shown that smallmolecules can
be stable on surfaces [58–61]. The Fe4molecule retainsmost of its static and dynamicmagnetic features when
brought in a surface-vacuum layer [62]. The presence of a substrate does not cause change in the optical selection
rules (the resonancemight get slightly shifted though) in amolecule and the basic physics remainsmore or less
unaltered [63, 64]. The purpose of this work is to establish prototypic spin-shift register functionalities. In this
respectmagnetic trimer and tetramer cluster serve as promising candidates. In simple terms it is a classical logic
circuit that can store and transfer information through a sequential logic operator in the formof binary data and
theflipflops share the same clock. Logic operations in such devices include a ‘data in’ and a ‘data out’ bit. The
entire process is a destructive readout of operations since after each clock pulse (laser pulse in this case) the ‘data
out’ bit is shifted out of the rightmost bit of the data string.However, such destructive operations can be
essentially bypassed if the data string is cyclic in nature. A pictorial representation of such operation are shown in
figure 1(b)where themagnetic atoms showing strong spin localization behavior are considered as the high (1)
and low (0) data types otherwise. The respective localization for Co1, Co2 andCo3 are |37〉, |1〉 and |35〉
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respectively. Amore detailed description of the states participating in the transfer operations are given below. In
principle at every given point of time all bits can be read out and no data is lost and the laser pulse replaces the
conventional clock. Thismotivates essentially the quest for closed chain tri(tetra)-nuclear clusters. Therefore it
remainswithin the reach of our effort to realize the technology usingmolecular spins.

3.1. Co3
+CO

The electronic properties andmagnetic dynamical behavior are structure dependent. Thus, one can assume that
for the samemagnetic trimer, a different ligand can yield distinct spin scenarios (here it refers to spin transfer)
with properly-distributed spin states. To verify it, in this article we attach a popularmarkermolecule, i.e., CO, to
Co3

+with the expectation of getting spin transfer scenarios between themagentic centers (see figure 1(a)). From
previous calculations we know that it is important tomaintain a delicate balance between too high symmetry
(which disallows spin localization) and too low symmetry (which completely closes the paths between the states
with different spin localization: themagnetic atoms behavemore as isolated) [32, 45].

Pure Co 3
+molecules are extremely symmetric and thus the spin fails to localize on themagnetic centers. On

the other hand, attaching other ligands such as CH3OHandC2H5OH lowers the overall symmetry but all spin
dynamics scenarios are only restricted to spin switching [32, 65]. The attachement of the larger ligands induces a
higher degree of distortion of theCo 3

+ segment and as a result exerts a negative effect on the transitions between
the electronic states with different spin localizations (e.g., the transitions are either allowed but with very low
fidelity or totally forbidden). In this respect the carbonyl ligand (CO) appears to be a good alternative for the
following four reasons (i) it serves as a good experimentalmarker tomonitor differentmagnetic states through
its vibrational frequency analysis [66], (ii) it has wide-spread applications in the reaction of gas phase transition
metals due to its reactivity properties [67], (iii) it lowers the local symmetry of highly symmetric bare clusters
resulting in substantial localization of spins on the active centers and allowing us to investigate local spin
manipulation scenarios, and (iv)wehave previously successfully studied the laser-induced ultrafastmolecular
rotational dynamics for the application of amolecular rotatorymotor [68].

3.1.1. Spin dynamics and optical spectra
Themost-stable geometry of Co3

+CO [68] and its 120 low-lying triplet states are obtained by the symmetry-
adapted-cluster configuration interaction (SAC-CI)method [48]. The energy levels of the electronic excited
states after the inclusion of SOC and an externalmagnetic field are shown infigure 1(a), inwhich the positions of
the initial,main intermediate, and final states of the three spin-dynamics scenarios to be discussed below are
marked. By searching the addressable channels for which the initial and final states have different spin
localizations in the energy region of 0−2eV, three transfer scenariosΛ1,Λ2 andΛ3, i.e., |37〉→ |1〉 (92%),
|1〉→ |35〉 (76%) / 36 (11%), and |35〉→ |37〉 (47%) / 38 (39%), are found, as shown infigure 2.Here, in each
dynamics only the individuals with noticeable final occupations (denoted by the percentage numbers in the
parentheses) are considered. Table 1 lists the energies, spin expectation values, and spin densities of the initial
andfinal states in the three scenarios. Note that in this article the notions ‘spin localization’ and ‘spin
orientation’ refer to the overall spin density localization and the relativemagnitudes of the quantummechanical
spin operators. It is important to keep inmind that although spin is not a good quantumnumber in the presence
of SOC, it is stillmeaningful if the spin expectation values of the initial and final states, which are chosen near the
ground state, are relatively large (whichmeans that they are close to the pure spin states without SOC). It is not
possible to calculate the exact spin values (S2 and Sz) of the new states (after SOC). However, quantum
mechanical expectation values of the spins can always be calculated.

Figure 2. (a), (b) and (c) are the time-resolved occupations for spin-transfer scenarios of Co1→Co2 (processΛ1), Co2→Co3
(processΛ2) andCo3→Co1 (processΛ3) in Co3

+CO, respectively, in which the corresponding initial (dashed) andfinal (solid) states
for each scenario aremarked. The evolution of the intermediate states in each scenario are denoted by the dash-dotted lines.
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From the values of spin densities one can clearly see that the spin localization of |1〉, |35〉 and |37〉 is onCo2,
Co3, andCo1 (see table 1), respectively. As an example figure 3 shows some of themost important d-character
molecular orbitals (MO) resulting from theHF calculation that are localized onCo2.Note that the high-
correlated post-HFwave functions cannot be describedwith such simple pictures but they still serve the purpose
of tracing out themain virtual one-electron excitations. These give a first-hand insight into the spin localization
of the differentmany-body electronic states discussed in the spin transfer scenarios. For |1〉 the the dominant
excitations are fromMO47 (dy

2)→MO58 (dxz)with a coefficient of 0.75 andMO32 (dx z2 2- )→MO58 (dxz)
with a coefficient of−0.61, respectively.

Since themain final individual states in each scenario stem from the same triplet termbefore the inclusion of
SOC (and themagnetic field) and have the same spin localization, a cycle of spin transfer, that is Co1→Co2→
Co3→Co1, is thus achieved. Thefidelity of each dynamics scenario is 92%, 85%, and 93%, respectively, which
therefore contributes to a total efficiency of 73%. It should be noted that here thefidelity of the latter two
scenarios (thefinal states of which are quantum superpositions of twomain individual states) is redefined as

( )p p1

2 1 2+ , where p1 and p2 are thefinal occupations of the two individual states. For the implementation,

after obtaining the third transfer processΛ3 which ends at two individual states with almost equal probabilities,
one can always choose state |37〉 (even if the systems ends at state |38〉, since a spin-flip scenario can easily solve
this problem) as the initial state to restart and accomplish thewhole cycle. The optimized parameters of the laser
pulses for the three transfer processes are given in table 2. Among the three scenarios, the second one [Λ2, as
shown infigure 2(b)] turns out to be the fastest with respect to the FWHMaswell as the time duration of the
whole process.

In order to seek the possibility of gaining an additional path to extend the functionality, thewhole transfer
cycle in an anticlockwise direction (i.e., Co1→Co3→Co2→Co1) is also investigated. It is sought for, by
exchanging the initial and final states of each scenario in two different ways: one is to try the reverse process by
keeping the same laser parameters as the previously achieved one, and the other is to search for a new reverse
process without any laser parameter confinement or reference. It turns out that the opposite cycle is blocked due
to the unachievable spin transfer process from |35〉 to state |1〉. Specifically, in thefirst case the systemmainly
ends at a superposition of |35〉 (28%), |36〉 (10%), |118〉 (39%, spin localizationCo1), and |120〉 (13%, spin
localizationCo1), and in the latter way no addressable transfer scenario has been found using the genetic

Figure 3. Some of the strongly localized, single electron, d-charactermolecular orbitals for Co2 in theCo3
+COcluster. Themultiplicity

of the cluster for theHF step is a triplet. The isosurfaces of themolecular orbitals are dark violet and orange for positive and negative
values, respectively.

Table 1.Energies, spin expectation values, and spin densities of the initial and final states of Co3
+CO in the spin-

transfer scenarios discussed in thismanuscript.

State Energy (eV) 〈Sx〉 〈Sy〉 〈Sz〉 〈S〉
Spin density

Co1 Co2 Co3

37 1.272 −0.037 −0.008 0.464 0.465 1.225 0.513 0.268

35 1.205 −0.556 −0.520 0.048 0.763 0.074 0.018 1.906

1 0.000 −0.255 −0.188 −0.012 0.318 0.014 1.982 −0.009
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algorithm. To understand the irreversibility of processΛ2, a detailed inspection into the dynamics infigure 2(b)
is performed. It shows that there are 23 intermediate states involved [which is three and 12 statesmore than that
in scenariosΛ1 andΛ3, respectively], and among them several states have noticeable occupations during the
propagation. Thismakes the evolution of whole process complicated and brings about the difficulty for the
system going backwardly to the desired initial state, especially for the case when the fidelity of the final state is
relatively low [69]. As expected, it is found that the intermediate state with the largest occupation [denotedwith
the grey dash-dotted line infigure 2(b)] is just |118〉, and thus explains why the system goes to this state largely in
the reverse processmentioned in the first trial. For the other two reverse transfer processes performed in the
sameway, thefinal states end upwith 37%on |37〉 and 15%on state |38〉 for process 1L* (|1〉→ |37〉), and 86%
on |35〉 for process 3L* (|37〉→ |35〉), respectively. Here, the low reversibility ofΛ1 is due to the involvement of
toomany intermediate states, and the high reversibility ofΛ3 is quite understandable since the initial and final
states are very close to each other (more balanced for both of the transfer directions) and only 11 intermediate
states are involved (less interferencewhen propagating). The new reverse processes of these two scenarios with
efficiencies 64% and 82%are also achieved using the secondway, which are not shown here since no new
features are exhibited. The reader should keep inmind, that the irreversibilitymentioned here does not rely on
the breaking of the time-symmetry of theHamiltonian [70], but on the loss of quantum coherences and the
pertinent lowering of the information entropy of the system [57].

3.1.2. Application: 3-bit SHIFT register
Before delving into the discussion of the trimer’s application as a shift-register it is important to discuss the
lifetime of the states. In general the lifetime of the statesmust be longer than themaximumoperation time
required for themagnetic logic [7]. According to theDiVincenzo critieria a ‘fault-tolerant’ error correction is
possible if the decoherence time is four orders ofmagnitude longer than the clock time [71]. Thus, the choice of
ourmolecular systems for spin logic operations are clearly in advantage due to the absence of conformational
changes [72]. For example spin relaxation times for heterometallic wheels such as theCr7Ni(Mn) is of the order
ofmicroseconds [73]. Previously, our theoretical studies on a tri-nuclearNi cluster (Ni3Na2) showed that the
longitudinal relaxation timeT1 and transverse relaxation timeT2 are calculated to be about 10 times slower if
they aremediated through phonons than through laser pulses [74].

For application, the cycle of spin transfers shown infigures 2(a), (b) and c) can be used as a simple cyclic
SHIFT register or a ring counter [75]. Themechanism is illustrated as following [as shown infigure 1(b)]: for the
initial spin localization configuration |100〉 (denotes that the spin localizes onCo1) in the atomic order of Co1

Co2Co3, after the three hop operations ∣ ⟶ ∣ ⟶ ∣ ⟶ ∣100 010 001 100
1 2 3ñ ñ ñ ñ

L L L
the three-bit state goes back to

the original configuration accompanied by three kinds of shiftings. Here, we define the atomwith spin localized
as bit 1 (otherwise 0) and consider the transfer process driven by proper laser pulses as a trigger to shift the spin.
Note that for each operation, the first two bits in the previous state are shifted together to the right by one step
while the last bit becomes the first bit of the next state. Thewhole operation time completes within around 2 ps,
which is fast compared to the response of conventional charge-based logical devices. Different from the spin
SHIFT register proposed in Ref. [25], which transports spin information bymoving an electron down a one-
dimensional chain ofN identical atoms (which each have a spin state of S= 1/2), the pure spin-based
functionality in this article shifts the spin fromone spin-localized site to the other through coherent laser-
induced ultrafast spin transfer processes. Despite of its conceptual simplicity and functional limitation, this is
quite promising for future quantum information processing and is believed to be practical possible with the
development of spin-detecting and -controlling techniques.

3.2. Ni4
Ni4 clusters have been an interesting subject for investigations in the recent past. Kirchner et al showed that the
antisymmetric exchange interaction is a result of themixing of the pseudoangularmomentum and the ground
state spinmultiplet [76]. The stability, electronic andmagnetic properties of various symmetries (ofNi4)have
been studiedwithDFT basedmethods in presence of impurity atoms [77]. In general the structural aspects of

Table 2.The optimized parameters of the laser pulses for the spin-transfer scenarios in Co3
+COdiscussed in this

manuscript. Here, θ andf denote the angles of the incidence in spherical coordinates, and γ is the angle between
the polarization of the light and the optical plane. FWHM is the full width at halfmaximumof the laser pulse.

Transfer process θ(◦) f(◦) γ(◦) Intensity(J s−1m−2) FWHM(fs) Energy(eV)

Λ1 (Co1→Co2) 38.7 159.4 327.0 0.26 503 1.30

Λ2 (Co2→Co3) 53.5 22.2 245.6 0.20 95 1.32

Λ3 (Co3→Co1) 46.8 286.1 230.1 0.20 299 1.25
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realisticmagnetic systemswith fewmagnetic atomswhich give rise tomagnetic nanologic have been studied
thoroughly. In this respect, the role of correlations, the number of active centers, the geometry (linear vs bent
molecules, triangles, fullerenes, planar and nonplanar geometries) [78, 79], and of attached ligands (CO,
ethanol,methanol, etc.) have been studied extensively. In the following sectionwe explore the functionalities
arising fromusing amodel systemwith four rather than threemagnetic centers and develop a protypic 4-bit
SHIFT register with it and exploiting spins as the only information carriers.

In quest for a Toffoli like gate where the input information is not lost even after the logic operation, Ni4 is
good candidates as it fulfills theminimumof centers required for such amagentic logic operationwhere one
atom can be used as an auxiliary bit while the rest three can be used as input and output bits. Other than that the
exclusive dependence ofmagnetic field as input carrier can be bypassedwith four centers. The disparate nature
of the interatomic distanctes facilitates the localization of the spins on themagnetic centers. In the past we have
elaborately demonstrated the importance of electronic excitations formagnetic interaction inNi4 and
successfully established a pure-spinOR gatewith the same. In addition to a 3-bit cyclic SHIFT register with the
Co 3

+COcluster, we also go one-step further and propose a 4-bit quantum-spin-SHIFT register based on the spin
transfer scenarios between the inter-atomic centers ofNi4 with different bond lengths. Furthermore, we also give
a plausible suggestion to implement such read andwrite operations on ourmolecular clusters.

3.2.1. Spin dynamics
Todemonstrate an all-spin SHIFT register we choose a planarNi4 cluster as ourmodel system as shown in
figure 5(a) (right panel). Depending on the environment it can exist in two other forms such as a) chain [80], and
b) a tetrahedral structuremainly [76]. For technological applications it is important to consider not only the
geometry of a bare cluster in the vacuumbut also a physical situation. Thuswe assume themost probable
conformation of the cluster when deposited on a surface, namely a two dimensional one. Surface deposition is
an appropriate way to tackle the challenge of themolecular orientation and geometrical stability at room
temperature (in the gas phase). Note that wewant to demonstrate the proof-of-principles for the suggested
functionality. Therefore, the followingmodel system consists of theminimum ingredients necessary, namely a
flatmolecule with disparate inter-atomic distances and spin–orbit coupling for the spin dynamics, hence the
choice of a bare planar structure [see figure 4(a)]. The planarNi4 is optimized at theHF level with the Los Alamos
basis set (LANL2DZ) and scalar relativistic effective core potentials (Ni[8s5p5d/3s3p2d]) [81, 82]. The ground
and 100 excited states (30 triplets and 10 singlets) are calculated using the SAC-CImethod [48].Most of the spin
transfer scenarios and the pertinent initial andfinal states for the processes have been already discussed
previously [10]. It is particularly important to recapitulate the spin dynamics scenarios as the prototypic spin-
shift register with theNi4 cluster stem from these. All details with respect to the spin transfer scenarios namely
the energy of the states, the spin expectation values (Sx, Sy, Sz,) and the spin density distribution information are
summarized in table 3.Once the information of the states involved for the spin transfer scenarios between atoms
Ni1,Ni2,Ni4 andNi3 are obtained, a pictorial representation of the prototypic shift register is proposed in
figure 4(b). It is evident that after the influence of every laser pulse (Λ1,Λ2,Λ3 andΛ4) the ‘data out’ bit is shifted
out of the rightmost bit of the data string. A detailed description of themechanism is presented in section 3.2.2.
The corresponding laser optimized parameters are shown in table 4. Additionally, we report a new spin transfer
scenario |16〉→ |25〉 (Ni3→Ni1) that endswithin 400 fs with afidelity of 91%. This is essentially the
penultimate transfer scenario for the functionalization of the 4-bit cyclic shift register. From the spin density
information given in table 3 it clear that for |25〉 the spin is localizedmainly onNi1. Figure 5(a) refers to the
transfer of the population between the initial state (|16〉, markedwith solid black line) andfinal state (|25〉,
markedwith dashed-red line) via the three intermediate states |3〉, |14〉 and |15〉. The respective energies of the
initial and final state areE|16〉= 0.984 eV andE|25〉= 1.380 eV.

Note, the |14〉→ |16〉 (Ni4→Ni3) spin transfer process has been recalculated and reported herewith a
higherfidelity of 80% (after the inclusion of SOC). Accordingly, the pertinent laser pulse resulting in transferring
the population from |14〉 to |16〉 has been re-optimized and the new set of parameters are θ= 26.56°,
f= 210.27°, γ= 188.13°, FWHM= 330.19 fs, andEω= 0.06 eV (see table 4). As an example infigure 6 for the
many body state |14〉we show themajor one-electron virtual excitation fromMO26 (strong dx y2 2- character
localized onNi4) toMO51 (strong dz

2 character localized onNi4)with aCI coefficient of 0.665. Similarly, for the
many body state |16〉 one of themajor one electron virtual excitation takes place fromMO31 (strongdy

2

character localized onNi3) toMO51 (partially strong dx
2 character localized onNi3)with a CI coefficient

of 0.406.
Figure 5(b) corresponds to the expectation values of the spin angularmomentum components namely 〈Sx〉,

〈Sy〉 and 〈Sz〉. Themagnitude of the appliedmagnetic fieldB is 2.35 T along the z axis of themolecule. Thus, we
see that the 〈Sz〉 gets affected themost. The transient occupations of the intermediate states are 37%, 68%and
23%approximately. Lastly the envelope of the laser pulse is given infigure 5(c) and the corresponding optimized
laser parameters are θ= 100.86°,f= 15.84°, γ= 275.01°, FWHM= 421.69 fs, andEω= 3.15 eV (see table 4).
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3.2.2. Application: 4-bit SHIFT register
The proposed prototypic 4-bit SHIFT register is a sequential logic circuit that has the ability to store and transfer
information in the formof binary data (0 and 1). This logic device acts as a cascade offlipflopswhich loads the
data present on the input and then shifts them to the right after every clock cycle (laser pulse in this case). The
quest for a 4-bit spin-SHIFT register withNi4 ismotivated by the prototypic spin-shift register proposed by

Figure 4. (a)Electronic excited states of the optimizedNi4 as calculatedwith the SAC-CImethod for states up to 4 eV. Left: without
spin–orbit coupling, singlet states are givenwith the solid black lines, triplet states with the red lines,Middle: after the inclusion of
spin–orbit coupling (there can be no distinction between singlets and triplets after spin–orbit coupling), Right: Optimized structure of
planarNi4 at theHartree–Fock level (details in [10]). The appliedBfield is 2.35 T. (b) Illustration of the cyclic SHIFT register sequences
in theNi4 cluster. The dashed arrows show the shift directions of the four bits.

Table 3.Energies, spin expectation values, and spin densities of the initial andfinal states ofNi4 in the spin-transfer
scenarios discussed in thismanuscript.

State Energy (eV) 〈Sx〉 〈Sy〉 〈Sz〉 〈S〉
Spin density

Ni1 Ni2 Ni3 Ni4

14 0.79 0.33 0.00 0.41 0.526 0.032 0.307 0.685 2.541

16 0.98 0.39 0.00 −0.41 0.565 0.184 0.321 2.168 0.635

25 1.37 −0.44 0.01 0.24 0.501 1.248 1.119 0.999 0.283

51 2.34 −0.76 0.00 −0.21 0.788 0.895 0.282 0.083 0.322

54 2.35 −0.76 0.00 −0.04 0.761 0.575 0.745 0.304 0.473

58 2.68 0.33 0.00 −0.71 0.782 0.317 0.800 0.514 0.289

61 2.82 −0.01 0.00 −0.82 0.820 0.562 0.385 0.491 1.088
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Mahan [25]. The presence of an extramagnetic center allows us to increase the complexity by adding an extra bit
to the 3-bit cyclic shift register. As discussed in the case of Co3

+CO,we assign the binary 1 (else 0) to the atoms
that have a significant localization of the spins. A linearly polarized laser pulse is used as a trigger to drive the
transfer scenarios. In order to explain the laser-induced spin transfer scenariosmore elaborately, we use the
vector equation that is equivalent to amatrix equation of the form

· ( )L X A 5=

where L is a 4× 4matrix representing the laser pulse,X is a column vector with 4 entries and each entry
represents the initial localization of the spin on any of the 4magnetic center (Ni1,Ni2,Ni3, orNi4) and lastly the

Figure 5. (a) Spin transfer scenario forNi4. The states |16〉 (solid black) and |25〉 (dashed red) are the initial and final state. (b)Time
evolution of the expectation values of the the angularmomentum components. (c)The envelope of the laser pulse.

Figure 6. Some of the strongly localized, single electron, d-charactermolecular orbitals forNi3 andNi4 in theNi4 cluster. The
multiplicity of the cluster for theHF step is a triplet. The isosurfaces of themolecular orbitals are dark violet and orange for positive
and negative values, respectively.

Table 4.The optimized parameters of the laser pulses for the spin-transfer scenarios inNi4 discussed in this
manuscript. Here, θ andfdenote the angles of the incidence in spherical coordinates, and γ is the angle between the
polarization of the light and the optical plane. FWHM is the full width at halfmaximumof the laser pulse [10].

Transfer process θ(◦) f(◦) γ(◦) Intensity(J s−1m−2) FWHM(fs) Energy(eV)

Λ1 (Ni1→Ni2) 216.42 263.43 90.09 2.35 109 2.39

Λ2 (Ni2→Ni3) 0.00 64.05 25.69 0.59 300 2.67

Λ3 (Ni4→Ni3) 26.56 210.27 188.13 252.67 330.19 0.60

Λ4 (Ni3→Ni1) 100.86 15.84 275.01 0.15 421.69 3.15
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column vector withAwith 4 entries represent the target functionality. Amore generalized formof thematrix
equation is
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The laser pulse is unique to every possible transfer scenario.With the appropriate choice of intermediate states
and a different set of initial conditions, it is possible to obtain transfer scenarios between the samemagnetic
centers, however the optimizationmight yield a different set of laser parameters. The presence of the 4 active
centers, allows us to control the localization of the spins between the centers.With respect to the localization of
the spins on theNi1,Ni2, Ni4 andNi3 atoms (in the cyclic order as shown infigure 4)we represent the 4-bits as

|1000〉, |0100〉, |0010〉, and |0001〉. A concise representation of the laser induced scenarios is |1000〉 1
L
|0100〉 2

L

|0010〉 3
L

|0001〉 4
L

|1000〉, whereΛ1,Λ2,Λ3 andΛ4 are the different laser pulses triggering the shift. A pictorial
representation of the spin-shift registermechanism is shown in figure 7. Each laser cycle basically represents a
full clock cycle.We consider the spatially localized spins as the input and the output whereas the directions of the
spin expectation values are not considered. Initially we set the proposed SHIFT register as |1000〉whichmarks
the initial stepwhen the spin in localized onNi1 (colored in red infigure 7) and the initial state for the process is
|51〉. Thenwe apply the first laser (Λ1)which transfers the electronic population to |54〉, which isNi2, with a
fidelity of 86%.This can be followed in the second rowof table 5wherewe can see the operation from |1000〉 to
|0100〉 after the action ofΛ1. The next operation aims to transfer the spin fromNi2 toNi4. Ideally the transfer of
the electronic population should originate from the final state of the last cycle which |54〉. However, due to lack
of addressable spin channels the best option is tofind states that are energetically close and exhibit the same spin
localization. For this operationwe consider state |58〉, which is localized onNi2. After the action of the second
laser pulse (Λ2) the electronic population gets transferred toNi4 forwhich the final state is |61〉. The notation in
the formof bits for this case is from |0100〉 to |0010〉. Thefidelity of this process is (97%) shown in the third
columnof table 5. This process is shown infigure 7 by the clock cyclesmarked in green and blue. Similarly, to
illustrate the operation |0010〉→ |0001〉we choose |14〉 as the initial state (localized onNi4) and |16〉 as thefinal
state (for which the spin in localized onNi3). This process takes placewith the action of the third laser (Λ3)with a

Figure 7. Schematic of information processingwithin the prototypic 4-bit spin-shift register. Note, after the end of each clock pulse
(laser pulse in our case) the spin is transferred to the right side.

Table 5.Abasic truth table for the 4-bit quantum-spin-shift register. The directional
movement of the data in the register is to the right. Thefirst column refers to the
laser pulse (state), the second, third, fourth and fifth column refers to the localization
of the spin on the centers, and the last column refers to the fidelity of the process.

Laser pulse Ni1 Ni2 Ni4 Ni3 state fidelity ( f )

no laser 1 0 0 0 initial 100%

Λ1 0 1 0 0 achieved 86%

Λ2 0 0 1 0 achieved 97%

Λ3 0 0 0 1 achieved 80%

Λ4 1 0 0 0 achieved 91%
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fidelity of 80%. Infigure 7 this operation ismarkedwith localization onNi4 andNi3 colored in blue and violet,
and the transfer of the bits to the right is shown in table 5 in the fourth row. Lastly, to complete the entire cyclic
process from |0001〉 to |1000〉we transfer the spin fromNi3 toNi1with the action of a fourth laser (Λ4). This
process in shown in thefifth rowof table 4. The initial andfinal states for the process are |16〉 and |25〉. Note that
throughout the entire series of the processes the data can be reset to any initial state and the data will not lost as
theywill circle around. It is clear from figure 7 also that after each operation the information encoded in the
spins, shifts to the right by 1 bit.We conclude that in ourmodel of spin dynamics, the laser pulse drives the spin
fromonemagnetic center to another,mimicking the logic operation of a conventional Serial-In to Serial-Out
(SISO) shift register. The total transition time to complete the entiremechanism is less than 2 pswhich is
considerably fast.

As one can understand the electronic populationwill decay if the cycle is repeated in a loop. To keep this in
check, one can think of spin pumping from the ground state. In reality, all the lost populationwould be
accumulated in the ground state. So, once the active electronic population goes below a certain threshold limit,
an additional laser pulse could be used to pump the ground state accumulated population to the intended initial
state. Furthermore, it is also important to read out the information of states at each step after the clock cycle since
the information states are coded as spin localization on the atoms. Thus, keeping inmind the experimental
feasibility we propose read out scenarios that can be implemented on ourmolecule. In general, amagnetization
sensor is extremely accurate within a very small spatial distance (a fewAngstroms). There have been extensive
investigations on sensors formagnetic nanomaterials.We can use themagnetization sensor to read out the
magnetization in a very tiny region around a particular Co/Ni atom. Thismagnetic fieldwill directly correspond
to the spin of that Co/Ni atom.Note that just themagnitude of themagnetic field of themagnetization sensor
would be sufficient to give us the output, the directionwould not be necessary in this case. If nowwe set the
magnetization sensor in a particular atom it will read out in a SISO fashion and if we set differentmagnetization
sensors at the different Co/Ni atoms, then it will read out the outputs in a Serial-In to Parallel-Out SIPO fashion.
The clock speedwill be set according to the FWHMof the laser pulses. For example, in this case the second input
will be loaded approximately 2× 300 fs after thefirst clock tick as the first process will take approximately
2× 109 fs to complete (109 fs is the FWHMof thefirst process). Similarly, the third inputwill be loaded 2× 300
fs after the second clock tick (300 fs is the FWHMof the second process). The clock ticks according to the process
(FWHM) can be easily programmed.

Table 5 shows the truth table for the prototypic 4-bit quantum-spin-shift register. Thefirst row represents a
situation inwhich no laser has been applied and the spin is initially localized onNi1. The notation |1000〉 is used
to describe such a scenario. This can bemapped to the situation of an ideal SHIFT-register where after the
application of thefirst clock pulse, the output of the first bit is set to the value 1while the output of the rest of the
bits still remains 0.Now after the application of the laser pulsesΛ1,Λ2,Λ3 andΛ4 the information stored in the
register shifts to the right (see figure 7). The last column represents the efficiency for each process. Note, the
efficiency of all the processes are above theminimumefficiency (60%) required for any logic operation in
modern transistor-transistor logic (TTL) circuits inwhich typically a voltage between 0.0 and 1.5V represents
the 0 bit (30% efficiency), while a voltage between 3.0 and 5.0V stands for the 1 bit (aminimumof 60%
efficiency) [7].We believe that the proposed analysis of the 4-bit quantum-spin-SHIFT register serves as a useful
roadmap for future spin-memory devices synthesizedwith realmagnetic clusters. Thus,manipulating the spins
between themagnetic centers, the register can be configured to respond to certain sequential logic operations
that require some formof temporary storage.

4. Conclusions

We summarize ourfindings as following:
InCo3

+CO: (i)Based on a cycle of spin-transfer scenarios we develop a prototypic cyclic 3-bit spin-SHIFT
register with an operational time of 2 ps approximately. The efficiency of all spinmanipulation scenarios are at
least 69%. (ii)Tophysically understand the transferability of three component transfer scenarios, the analysis of
the electronic spectra for the related initial andfinal states is exhibited. (iii)Adetailed inspection shows that a
reverse cycle of the second spin transfer scenario (Co2⟶Co3) is blocked due to its irreversibility. This can be
attributed to the cooperative effects of toomany involved intermediate states, their large expanded energy
region, and their noticeable occupations during the propagation.

InNi4: (i)Exploiting the laser-driven spin-transfer scenarios between the active centers we develop a
prototypic 4-bit spin-SHIFT register that has the ability to store and process information encoded in the spins.
(ii)The total operation time of proposed shift-register is 2 ps approximately. (iii)The present study serves as a
proof-of-principles of the logic element arising from structures with fourmagnetic centers.
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The results obtained in thismanuscript provide a promising approach for realizing controllable ultrafast
magnetic dynamics in realisticmultinuclearmagneticmolecular structures and demonstrate their great
potential in spin-logic device design and future nanospintronic applications.
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AppendixA: Additional computational details

A.1. Symmetry-adapted cluster configuration-interaction
In SAC-CI the ground state is
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In the above equation |Φ0〉 is theHartree–Fockmany-bodywavefunction, SI, SJ are the symmetry-adapted
excitation operators (single, double or higher excitations) and cI are the expansion coefficients. The single-
excitation operators are
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Operating on |Φ0〉with SImeans destroying an electron in themolecular orbital i and creating one in the
molecular orbital a. This is extended for theα(spin-up)- andβ(spin-down)-electrons. Finally the excited states
are determined via the cluster expansion of the SAC-CIwavefunction [48],
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where SgK= 〈γg|RK|γg〉. dK are the normalization coefficients andRK represents the excitation operator of the
excited system.

Appendix B:Optical spectra

Whendiscussing the functionalization of a logic element it is interesting to also discuss the optical spectra (OS)
to understand the transferablity between the initial and final states and some of the intermediate statesmediating
amajor proportion of the population.

We analyze the optical spectra of the three interesting states (i.e., states |1〉, |35〉, and |37〉) of Co, as shown in
figure 8. The abscissa of each subfigure denotes energy difference between each specified electronic state and the
rest 119 states whereas the ordinate shows the oscillator strength. The latter basically represents the intensity of
the peaks (in arbitrary units) and is calculated as following:

( )∣ ∣ ( )∣ ∣ ∣ ∣ ∣ ∣I E E D B.1i f f i i f
2= G -ñ ñ ñ ñ ñ ñ

where E|i〉 andE|f〉 are the energies of the states |i〉 and |f〉,Γ denotes the artificial broadening of the peaks and
|D|i〉→|f〉| gives the electric-dipole transitionmatrix elements between the states. The zero points (markedwith
solid black square points) infigure 8 refer to different energy positions, namely, fromdown to up they represent
0 (the ground state), 1.205 (state |35〉), and 1.272 eV (state |37〉), respectively. Note here that the electronic states
can be identified from the absolute energies read from the abscissa of the bottompanel (i.e., vertically the three
different energy difference values correspond to the same state). The peaks with the negative energy values in the
upper two panels indicate that the transitions occur between the specified states and their lower states. Clearly,
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since no peaks with transitionmagnitudes above 10−4 appear between any two of the three states, the direct
transitions of them are regarded to be forbidden.However, due to the participation of a number of common
states (e.g., the states with energies around 0.5 and 0.8 eV, and the states with energies lying in the regions of
1.4–1.5 eV and 1.8–2.3 eV) that have similar transition peaks at the same absolute energy positions in the spectra,
their indirect transitions are allowed. Therefore, the transferability of the threeΛ-process based spin-transfer
scenarios becomes possible.

Figure 9(a) refers to theOS of the initial (|51〉) andfinal state (|54〉) for theNi1→Ni2 process. The presence
ofmultiple peaks is a signature of transitions betweenmany intermediate states. However, an acute comparison
of the differences between the states allows us to trace the transitions exactly. Note, we present the absolute
energy difference between the states in the abscissa. The overlap of the peaks of the solid black line (|51〉) and the
dashed-red line (|54〉) confirms the transitions between common intermediate states. To elaborate it better, we
consider the peak positioned at 1.00 eVmarked by the solid black line. It refers to the transition |51〉⟶|24〉
which corresponds to an energy difference ofΔE|51〉⟶|24〉= 0.97 eV.Now, comparing it to the peak denoted by
the red-dashed lines at 1.013 evwe see it is shifted by 0.013 eV. This ismore or less comparable to the energy
difference between |51〉 and |54〉 i.e.,ΔE|51〉⟶|54〉= 0.013 eV. Similarly the transitions corresponding to other
peak positions can be traced but this goes beyond the scope of thismanuscript.

Similarly, figure 9(b) represents the optical spectra of the initial (|58〉) andfinal (|61〉). The isolated peak
denoted by the solid black line positioned at 1.4 eV is a result of the transition between |58〉⟶|22〉 and the
corresponding transition energy isΔE|58〉⟶|22〉= 1.4 eV. Comparing it with the partially overlapped peak

Figure 8. (a), (b) and (c) are the optical spectra of states |1〉, |35〉, and |37〉, respectively. The spectra are calculated from the oscillator
strengths in arbitrary units with aGaussian broadening of 0.015 eV. The dashed red and dash-dotted blue lines represent the energy
positions of state |35〉 and |37〉with respect to the ground-state spectra.

Figure 9.Optical spectra of the initial states andfinal for the spin transfer scenarios inNi4. (a)Ni1⟶Ni2, (b)Ni2⟶Ni4 and (c)Ni4
⟶Ni3 (details of spin dynamics scenarios are discussed in another article [10]).

14

Phys. Scr. 99 (2024) 035909 GLefkidis et al



represented by the dashed-red line at 1.5 eV, we see it is shifted to the left by approximately 0.1 eV. This
corresponds to the transition between |61〉⟶|22〉 and the corresponding transition energy is
ΔE|61〉⟶|24〉= 1.5 eV. The absolute energy difference between the |58〉 and |61〉 is nearly 0.1 eV. This
corresponds to the shift in the position of the peaks.

Figure 9(c) represents the optical spectra for states |14〉 (solid black line) and |16〉 (dashed red line). In this
case we consider an peakmarkedwith the solid black line and positioned at 2.5 eV. This corresponds to the
optical transition between the states |14〉⟶|75〉 having an absolute energy difference ofΔE|14〉⟶|75〉= 2.5 eV.
Now the transition energy for |16〉⟶|75〉 isΔE|16〉⟶|75〉= 2.31 eV. Thus an absolute energy difference of
approximately 0.19 eV between the position of these two peaks is nearly equal to the energy difference
ΔE|16〉⟶|14〉= 0.19 eV. Thus, for both the transitions |75〉 is common and the corresponding peaks are shifted
by an energy that corresponds to the transition energy between the initial and final state.
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