Downloaded viaUNIV DE VALENCIA on April 23, 2021 at 06:37:23 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Mixed-Valence Magnetic Molecular Cell for Quantum Cellular
Automata: Prospects of Designing Multifunctional Devices through
Exploration of Double Exchange

Andrew Palii,* Juan Modesto Clemente-Juan,* Sergey Aldoshin, Denis Korchagin, Andrey Rybakov,

Shmuel Zilberg, and Boris Tsukerblat™
I: I Read Online

[l Metrics & More ‘

Cite This: J. Phys. Chem. C 2020, 124, 25602-25614

ACCESS |

Article Recommendations |

valence (MV) molecules as molecular cells for quantum cellular automata (QCA) B E
devices. As distinguished from previous proposals in this area, in multielectron =t

cells, the electronic pair encoding binary information is shared among localized T‘ j
spins (“spin cores”). Hopefully, this will allow exploring not only charge degrees of _Dl u
freedom encoding binary information in the antipodal electronic distributions but

ABSTRACT: In this article, we propose to use multielectron square-planar mixed- / P
DS

also spin degrees of freedom through the magnetic interactions such as double ‘—CF
exchange and Heisenberg—Dirac—Van Vleck (HDVV) exchange. To develop the \ij/:f
proposed route, the square-planar tetrameric cells for QCA have been theoretically 3

modeled. The considered cells comprise a pair of excess electrons shared among D

e
four spin cores and hence they exhibit double exchange and HDVV exchange. Such L—0
wuble exchange

cells can be based either on the square-planar mixed-valence molecular clusters or
on the similar square arrays of multielectron quantum dots. The detailed case study
of the cell representing the transition-metal tetramer of the type of d*—d”—d'—d" shows that depending on the relative strength of
the second-order double exchange and HDVV exchange, the isolated cell has either ground localized spin-triplet or one of the two
delocalized spin-singlets, exhibiting different extents of electron delocalization. Due to different sensitivities of these states to the
quadrupole electrostatic field induced by the polarized neighboring driver cell, the latter is shown to be able to produce switching
between different ground states (including spin-switching between spin-singlet and spin-triplet), which leads to the nonmonotonic
behavior of the cell—cell response function. This opens new perspectives for the designing of multifunctional devices combining the
QCA functionality with spin-switching function.

1. INTRODUCTION

Topicality of the study of QCA is determined by the
importance of the technology based on QCA, which has
potential in competing with the traditional metal-oxide-
semiconductor (CMOS) technology for manufacturing of

QCA because the binary information in such systems is stored
in charge distributions (rather than in qubits) in the QCA cells
and is transmitted between the cells via the classical Coulomb
forces.

The initial proposal of the QCA device has been based on

logic elements for digital integrated circuits. Studies of the last
decade'™* inspire hope in the prospects of the novel QCA
principles of nanotechnology and practical feasibility of the
design of electronic devices. Being currentless in their nature,
QCA circuits ensure ultralow heat release as compared with
CMOS. Due to this advantage, QCA devices are of great
potential importance to perform computations at very high
switching rates.

The paradigm of QCA is free of the main difficulty peculiar
to the concept of quantum computing in which the binary
information is stored in the eigenvectors of a two-level
quantum system (qubits) and therefore its practical application
is strongly limited by the requirement of coherence. In
contrast, the problem of coherence does not constrain
applicability of systems proposed for use in computing with
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the quantum dot cells coupled via the Coulomb interaction to
form a cellular automata architecture.”*~"> Each such cell
typically consists of four quantum dots situated in the vertices
of a square and two extra electrons tunneling between these
dots. Further development led to the idea of molecular QCA,
which can be regarded as a next step in miniaturization of
QCA based on quantum dots.*”'® Additional expected
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substantial advantages of molecular systems as candidates to be
implemented as QCA cells are the following: (1) unlike
quantum dots, the molecular system of a specified chemical
composition is absolutely identical and therefore has identical
physical characteristics; (2) by a proper chemical synthesis, the
molecular clusters can be engineered to have the desired
physical characteristics that can be controlled by the due
choice of the metal ions, ligands, etc.; (3) the electronic
subsystem of a molecule is usually coupled to molecular
vibrations but well isolated from the thermal bath (phonons in
solids), which ensures very small heat release in course of the
QCA action; and (4) finally, molecules can be attached to
different types of platforms by grafting individual clusters or
monolayers on solid surfaces; due to the molecular size of the
cells, one can reach extremely high density of devices, which
does not produce critical heat release.

Mixed-valence complexes containing mobile excess electrons
can be viewed as natural candidates to act as molecular cells,
which would satisfy the above requirements. The role of
quantum dots in such molecules is played by the redox sites,
which are linked by the bridging ligands mediating the electron
tunneling. The problem of the rational design of MV molecular
cells is of crucial importance for the area of molecular
QCA."*"?® The key requirement to the “working cells” is that
they must be bistable to be able to encode binary information
in two quasistable charge configurations. The two states of the
cell arise from two charge distributions, which encode binary 0
and 1. These states are degenerate in an isolated cell, but the
degeneracy is removed and one of these configurations
becomes the ground state if the cell interacts with the
polarized neighboring “driver cell”. Altering the driver-cell-
induced electrostatic perturbation forces the working cell to
switch between the two states. The second requirement is that
the switching between the two configurations of the
functioning cell should occur in a nonlinear abrupt manner.
This means that the molecule acting as a molecular cell should
have high polarizability with respect to the external electro-
static perturbation switching cell between configurations 0 and
1. The search for MV complexes satisfying these requirements
represents a rather difficult task, and thus the number of
reported such kinds of systems remains relatively scarce.

In the molecules proposed to date as cells, as well as in
quantum dot cells, the excess electrons or holes are delocalized
over the network of diamagnetic sites. Meanwhile, a special
area of mixed valency dealing with the systems in which the
extra particle jumps over paramagnetic sites (see, for example,
reviews”” >> and refs therein), which conventionally are
referred to as “spin cores”, remained unexplored in the
molecular QCA projects. This area originated from solid-state
physics®>~*° in which the concept of double exchange has been
introduced and invoked to interpret ferromagnetism of
perovskite crystals caused by spin-polarization of the ions by
mobile electrons. Then, this concept of “spin-dependent
delocalization” moved to chemistry and was explored in the
study of complex ferredoxins.”* ¢

Such magnetic MV clusters are of current interest in
molecular electronics and spintronics.37_43 Also, one can
expect that similar “physical molecules” exhibiting double
exchange can be composed of magnetic quantum dots**™*
comprising different numbers of unpaired electrons. In this
regard, it is worthwhile revealing the possibility of using
clusters comprising paramagnetic cores as tetrameric square-
planar cells and thus considerably extending the class of

systems suitable as QCA cells. Recently, a similar idea to
explore a bidimeric system was proposed in ref 47. Hopefully,
the use of the magnetic cells can expand their functionality due
to additional advantages provided by spin degrees of freedom
along with the charge degrees of freedom directly engaged in
the encoding of binary information.

In the present study, we have attempted to shed light on this
issue through the detailed theoretical modeling of the isolated
and interacting square-planar cells based on MV transition-
metal tetramer of the d*—d*—d"'—d" type in which both double
exchange and HDVV exchange are operative. Along with the
analysis of the functional characteristics of QCA based on
multielectron cells, we discuss a possibility of obtaining an
additional spin-switching function in the same device.

2. METHODS AND THEORY

2.1. Model Hamiltonian for a Free Tetrameric Square-
Planar Cell: Double Exchange. In this section, we consider
a free square-planar cell composed of four paramagnetic
centers such as multielectron quantum dots or four redox sites
in an MV molecule. For the sake of definiteness, we will use
the terminology adopted in the area of mixed-valence
molecules although the general results are applicable to both
kinds of objects. It is supposed that the two extra electrons in
the tetranuclear MV cluster are shared among four magnetic
high-spin ions, which can be referred to as spin cores, and the
electrons are ferromagnetically coupled to the core’s spins
according to Hund’s rule. Usually, in the theory of mixed
valency, the spin cores are represented by the localized
electrons forming high-spin crystal field configurations, while
the extra electrons move over empty orbitals.

In terms of the valence bond theory, there are six possible
distributions of two extra electrons over four sites as shown in
Figure 1. In two of these distributions (electronic config-

Excited Coulomb manifold

piojalos:
ML

Ground Coulomb manifold

Figure 1. Scheme of the square-planar tetrameric cell and numeration
of the sites, and different electronic distributions corresponding to the
ground and excited Coulomb manifolds separated by the Coulomb
energy gap U. The sites occupied by the extra electrons are shown by
black balls, and the spin cores are indicated by white balls.

urations), the extra electrons are localized on the sites disposed
along the diagonals, while in the remaining four configurations,
the electrons occupy the positions situated along edges of the
cell. The two diagonal electronic configurations (D, and D, in
Figure 1) correspond to the minimum of the Coulomb
repulsion and thus form the ground Coulomb manifold, while
the remaining four configurations belong to the excited
manifold separated from the ground manifold by the Coulomb
energy gap U.

The subsequent consideration will be based on the model
that involves three main ingredients: (1) Coulomb repulsion
between instantly occupied sites; (2) electron transfer from
occupied sites to spin cores; and (3) the HDVV exchange

https://dx.doi.org/10.1021/acs.jpcc.0c08186
J. Phys. Chem. C 2020, 124, 25602—25614


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08186?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08186?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c08186?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

interaction between all kinds of pairs (d*~d* d'—d', d*~d") of
the magnetic sites in the square-planar structure. In many cases
(at least in transition-metal complexes), the Coulomb
repulsion acts as a leading contribution, and the electron
transfer plays a role of physically significant interaction giving
rise to the spin-dependent delocalization over the magnetic
cores. As distinguished from previous considerations of a
bielectronic square, in the system under consideration, the
extra electrons jump over spin sites, which just constitutes the
basis for considering the double exchange. As far as we are
dealing with the magnetic ions, HDVV exchange should be
taken into account along with the double exchange. As will be
clarified later, the HDVV exchange, which normally is smaller
than the double exchange, can play an important role due to
the effect of the Coulomb reduction of the double exchange in
the actual cases.

We thus arrive at the following t—J-Hamiltonian for a free
tetrameric cell:

Hfree cell = HO +V (1)

In eq 1, the term HO, defined as

= X Ui
i<j ()
is the Hamiltonian of the Coulomb repulsion between the
two extra electrons and 7; is the extra electron occupation

operator for the site (n; = 1 if site i contains an extra electron;
otherwise, n; = 0). Then, the term V is defined as

V' = Hpg + Hypyy (3)

This term includes the one-electron transfer IZIDE (i{lterrelated

with the double exchange) and HDVV exchange (Hypyy)-
In the presence of spin cores, the double exchange can be

expressed through the electron-transfer Hamiltonian:

I:IDE =t Z (1- 5]‘,1+2)(C;rocj,a + C;aci,a)
i<j,o 4)

in which extra electrons are assumed to jump only between the
nearest neighboring sites situated on the sides of the square
(which is ensured by the presence of the Kronecker §-symbol
8,i+2), t is the corresponding transfer parameter, c;, and c;,, are
the standard creation and annihilation operators that act in the
space of the orbitals available for the extra electron, and o is
the spin projection. It is to be noted that in the Hubbard-like
Hamiltonian employed here the double occupancy of the
orbitals available for the mobile electrons is explicitly excluded.
Note also that the electron-transfer term Hpg mixes the states
belonging to different distributions of the two extra electrons
over four sites, which are different in the position of only one
extra electron.

Finally, in the t—J model so far adopted, the orbital degrees
of freedom are excluded, which means that the model is
dealing with the system of orbitally nondegenerate magnetic
cores and orbitals available for extra electrons. Alternatively, it
is assumed that the ground crystal field terms of constituent d"
and d""' ions are orbital singlets well separated from the
excited levels. We will resort to this traditional approximation
in the double-exchange theory with two arguments in mind.
(1) Usually, the magnetic ions in molecular polynuclear
compounds reside in low site-symmetry positions so that the
orbital degeneracy is completely removed. In particular, this
means that the spin—orbit coupling is reduced to the second-

order contribution giving rise to a relatively weak single-ion
magnetic anisotropy. Under this condition, the zero-field
splitting is rather small as compared to the remaining gaps in
the energy pattern that will be drawn hereunder. (2) In those
rare cases when the degeneracy is not completely lifted in the
local crystal fields, the theoretical consideration of the double
exchange not only becomes rather complicated but also loses
its generality due to the presence of a large number of
adjustable parameters (see ref 48) and additional conditions.
That is why the present consideration is framed by a simplified
model that provides the basic understanding of the properties
of mixed-valence magnetic molecular cells.

2.2. Heisenberg—Van Vleck—Dirac Exchange in a
Mixed-Valence Tetrameric Cell. Since the HDVV exchange
acts within the system of localized spins, it requires a special
notation as applied to an MV system with variable populations
of magnetic sites. Assuming that the HDVV exchange is also
restricted to pairs of nearest neighboring sites, one can express
the HDVV Hamiltonian for an MV unit as

A A . An
Hypyy = —2 Z Oy Z ],5 )(1_5',i+2)sisj
k#l i<j (s)

As distinguished from the electron-transfer term I:IDE, the term
Hypyy acts within the groups of spin states belonging to a
certain distribution D, (4 = 1, 2, ..,, 6, Figure 1). To explicitly
take this into account, we have introduced the operators Oy in
which the indexes k and [ indicate the sites of localization of
the extra electron (i.e., a given electronic distribution). Being
applied to the spin state of the tetramer belonging to the
definite kI distribution, it gives the same state, whereas the
application of this operator to the state arising from other
distributions gives zero. Each distribution generates a specific
set of exchange parameters, and so the exchange integrals in eq
S are dependent on k and . Thus, for k = 1 and | = 2, we have
]12 = ]n+1,n+1) ]14 = ]23 = ]n+1,n) and ]34 = ]n,nl where ]n,n is the
exchange parameter describing the coupling between the two
spin cores, each composed of n unpaired electrons, J,,;,
describes the coupling between the spin-core and the site
containing n + 1 unpaired electrons (including one extra
electron in addition to the core electrons), and finally ], ..
relates to the interaction between the two centers, each
occupied by an extra electron.

3. DISCUSSION

3.1. Combined Effect of the Double Exchange and
Coulomb Repulsion. Here we focus on the illustrative case
of the tetrameric cell in which the paramagnetic spin-core
contains the only unpaired electron (d'-type core) so that S, =
1/2. These systems can be referred to as d*—d*—d'—d'-type
clusters that have six unpaired electrons. Although these
systems are relatively simple, their study reveals common
features of the phenomena we intend to discuss. When the
extra electron is trapped (d* ion), its spin is coupled
ferromagnetically to the core spin S, to give spin Sy + 1/2 =
1, while the total spin of such a tetramer takes values S = 0, 1,
2, 3.

To elucidate the manifestation of the double exchange, in
Figure 2a we present the low-lying part of the energy spectrum
of the tetramer calculated considering the double-exchange
interaction and the Coulomb repulsion (temporarily omitting
the exchange interaction). The calculation of the energy
spectrum presented in Figure 2a was performed with the aid of

https://dx.doi.org/10.1021/acs.jpcc.0c08186
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Figure 2. Combined effect of the double exchange and Coulomb
interaction on the energy spectrum of the square-planar d>—d*—d'—d'
tetramer (a), and illustration of the antiferromagnetic spin-polar-
ization effect in the tetrameric systems with two mobile electrons (b).
All parameters of HDVV exchange are assumed to be vanishing. Only
the low-lying part of the energy spectrum with labeling of the energy
levels by the total spin values S is shown. The energy of the ground
state is regarded as the reference energy.

the angular momentum e;pproach and the MVPACK program
based on this approach.”

It is remarkable that the ground state of the tetramer is
diamagnetic (S = 0) independent of the interrelation between
the double exchange and the Coulomb repulsion. This result
appears to be in conflict with the basic paradigm according to
which the double exchange gives rise to a ferromagnetic spin
alignment in a pair of magnetic ions.>" In fact, it is well-known
that due to the ferromagnetic intra-atomic exchange coupling
of the mobile spin with the localized ones (spin cores), the
latter are polarized by the spin of excess electrons, which tends
to align them in a parallel fashion.”"**>* Such a ferromagnetic
effect (discovered in the pioneering works™™*°) is rather
general due to its distinct physical origin and is well-established
in MV dimers and square-planar MV tetramers comprising one
excess electron or hole (an exclusion is represented by the
effect of frustration in MV systems discovered in ref 54, which
requires special discussion). That is why the antiferromagnetic
effect of the double exchange in a square-planar cluster
containing a pair of excess electrons seems to be, at first glance,
quite enigmatic.

The physical origin of the antiferromagnetic ground state of
the d>—d>—d'—d" tetramer has been reasoned in ref 55. As far
as this issue is relevant to further consideration, we repeat the
arguments in a few words. In fact, the spins of the two excess
electrons remain completely paired in course of the electron
delocalization in a bielectronic MV subunit d'—d'—d°~d° in
which the two electrons are delocalized among four
diamagnetic sites (see refs 56 and 57). Therefore, the electron
that keeps its spin “up” tends to polarize the core spins also
“up”, while the second electron with spin “down” produces the
opposite effect. This results in full compensation of the
magnetic moments of the four spins because the two spin cores
have spin “up” and the remaining two are with spin “down”, as
illustrated in Figure 2b. One can see that the effect of the
double exchange in a many-electron system is not always
ferromagnetic although the underlying polarization mechanism
of spin cores is ferromagnetic.

3.2. Further Computational Details: Effective Hamil-
tonian in the Strong-U-Approximation. We will focus on

the most topical case when the ground Coulomb manifold is
separated from the excited manifold (Figure 1) by the
Coulomb gap, which considerably exceeds the transfer
parameter t and the exchange parameters ], ., J..i» and
Jus1n41- In this case, which will be referred to as the strong-U
-limit, one can apply the perturbation theory with the
Coulomb term H, playing the role of the zero-order
Hamiltonian and the operator V acting as perturbation. Up
to the second order, one obtains the following effective
Hamiltonian HE® ! = W, operating within the ground
Coulomb mamfold of the free cell:

AAAA

W, = BV, — BVBV B/U
POHHDVVPO - POHDEP HDEPO/ 19 (8)

where P, and P, are the projection operators onto the ground
and excited manifolds separated by the Coulomb gap U =
Uiir1 — U, It has been taken into account that PyHppPy = 0
because one-electron transfer transforms a low-lying antipodal
configuration into an excited one and thus annihilates the
system in the ground manifold. The term POHHDVVPO involves
the only exchange interaction that is described by the integral
Jus1,n because in the ground Coulomb manifold the
occupancies of the i-th and (i + 1)-th sites alternate. We will
use the short notation J,,;, = J. Then, one can write the term
PoHyypyy P, as follows:

BAupwh = =2J(0, 5 + 0,)8,55,, 9)

where 3'13 =8+ S3 and 824 =8, + S4 are the spin operators for
the two diagonal local spin dyads. Using the Kambe method,*®
we present the scalar product in eq 9 in the following form:
1,2 42 A2

S350 = =(8 S

13Y24 2( 24) (10)

Then, each of the two diagonal distributions k,/ = 1, 3 and 2,

4 (for the sake of brevity, we will denote these two
distributions as D, and DAZ)A gives rise to the following
eigenvalues of the operator PyHypyvPy:
=—J[S(S+ 1) —

Ep1(S13) Sy S) $i5(Si3 + 1)

S$54(Sys + 1)] (11)

which depend on the two intermediate spins S;; and S,, (the
allowed values of these intermediate spins are of course
dictated by the electronic distribution k,I) and the total spin S.
The term DPyHP,HppPy/U in eq 8 represents the second-
order double-exchange Hamiltonian. It acts within the groups
of states belonging to each of the two diagonal distributions D,
and D, and also mixes these two groups of states. It is evident
that

HézE) = —BHp:B R/ U o /U (12)
where /U = 7 can be regarded as a parameter of the second-
order double exchange. One can see that under the condition
of strong Coulomb repulsion the double exchange is strongly
reduced by the factor Itl/U.

3.3. Working Cell in the Coulomb Field of the Driver
Cell. In QCA, a definite cell (“working cell” or cell 1) is
subjected to the action of the electrostatic quadrupole
Coulomb field induced by the polarized neighboring “driver
cell” (cell 2). The Hamiltonian of the working cell in the

https://dx.doi.org/10.1021/acs.jpcc.0c08186
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electrostatic field I:IEF}I_“H = I;VCC of the driver cell is the
following:
W, =W, + Hyp (13)

The first term in eq 13 is the effective second-order
Hamiltonian of the free cell obtained within the strong-U-limit
and operating within the restricted space of the ground
Coulomb manifold, which arise from the distributions D; and
D, of the two electrons when they occupy the remote centers
disposed along the diagonals 1—3 and 2—4 of the square (eq
8) and includes the second-order double exchange and the
HDVYV exchange. The term Hp is defined as follows

A 1
HQF = E” Pz(ﬁz + fiy — i — ﬁ3) (14)
This term describes the interaction of the working cell with
the quadrupole Coulomb field of the driver cell. In eq 14, u is
the parameter of the intercell Coulomb interaction (explicitly
defined as in refs 59 and 60) and #; is the excess electron
occupation operator for the site i. The value P, is the driver-cell
polarization, which in the strong-U-limit is defined as follows

! ’
_ P13 Pxn

PZ ! !
Pzt P (15)

In eq 15, pi; and p?, are the probabilities (or alternatively,
electronic densities) of the two diagonal localizations of the
electronic pair in the driver cell. Note that the strong-U-limit
implies the normalization condition, which can be expressed as
pi3 + pi = 1. It is assumed that P, can be varied in a
controllable manner from the fully polarized state with P, = —
(pi3 =0, pj4 = 1) to the fully polarized state with P, = +1 (p];
=1, p}4 = 0) passing through the unpolarized fully delocalized
state with P, = 0 in which the electronic pair is equally
distributed over two diagonal positions (pi3 = pa4 = 1/2).

Eigenvalues of the Hamiltonian, W, = W, + Hgg, as
functions of the parameters ], 7, and u and of the driver-cell
polarization P, are given in Table 1. The ground spin-states of
a free cell (P, = 0) found for three different ranges of IJi/z (J
<0) are given in Table 2. Discussion of these dependences will
be given in a subsequent section.

3.4. Energies of the Isolated Six-Electron Tetrameric
Square-Planar Cell. For diagonal distributions D, and D,
within the adopted spin-coupling scheme S,3, S,4, and S, we
obtain two states with S = 3, six states with S = 2, eight states
with S = 1, and four states with S = 0. These states are listed in
Table 1, which gives also the energies of a free cell (that are
eigenvalues at P, = 0). The ground spin-states of a free cell in
different ranges of the ratio |JI/7 providing J < 0 are given in
Table 2.

In the general case when both ] and t are nonzero, the effect
of the second-order double exchange HS on the energy levels
is specific for different states. It is seen from Table 1 that in
some cases double exchange does not mix the states with the
same S, which are obtained from each other by changing D, 2
D, and S;3 2 S,,, but only shifts their energies giving rise to a
deviation from the eigenvalues of the HDVV scheme. Such a
situation occurs for the following ID;, S5, S,4, S)-states: D), 2,
1; 3)) lDZ; 1; 2) 3)) lDl/ 27 11 2)) |D2; 11 2} 2)) lDl) 2; OJ 2)) |D2) 0)
2,2), 1Dy, 2, 1, 1), ID,, 1, 2, 1). For all other pairs of states
belonging to different distributions with the same spin
quantum numbers, the double exchange in addition to equal
shifts of the two levels also produces mixing of states belonging

Table 1. Energies of the Tetrameric Molecular Square Cell
of d>~d*—d'—d"-Type Evaluated in the Strong-U-Limit as
Functions of J, 7, u, and P,”

distribution S St S Energies
D, 2 1 3 —4] — 47 — up,
D, 1 2 3 —4] — 47 + uP,
D, 2 1 2 (4] — 57 — 2uP,)/2
D, 1 2 2 (4] = St + 2uP,)/2
D, 2 0 2 =37 — uP,
D, 0 2 2 —37 + uP,
D, 1 1 2 —
D, ) . 5 (—4] — 7t £ 2,J47% + u*P2) /2
D, 2 1 1 (12] — 37 — 2uP,)/2
D, 1 2 1 (12] = 37 + 2uP,)/2
D 1 1 1
Di . . ) (4] — 57 + 2\/42” + u*P2) /2
D, 1 0 1 —
D, 1 0 1 =37 & /61" + u'P;
D, 0 1 1 —
D, 0 1 1 =37t + /677 + u'P;
D, 1 1 0 —
D, 1 1 0 4] — 2t + \J41° + u'P,
D, 0 0 0 —
D, 0 0 0 =37 & /97" + u'P;

“The electronic distributions D,, intermediate spins S;3, Ss,, and the
total spin S specifying full spin states are indicated.

Table 2. Ground Spin-States of a Free Cell (P, = 0) in
Different Ranges of the Ratio IJI/z Provided That ] < 0

(D;, S13) S74,5) ground-state energy condition
(0,2, 1,1), (Dy1,2,1)  (1/2) 127 = 32) Wi/ > 5/4
(Dy 1, 1,0), (Dy1, 1,0) 4] — 4z 12 < l/z < 5/4
(D, 0, 0, 0), (D,,0, 0, 0) —67 Mz < 1/2

to different distributions. Thus, for example, the eigenvalues
—(4J + 117)/2 and —(4] + 37)/2 correspond to the mixed
states (ID;, 1, 1, 2) = ID,, 1, 1, 2))\/2 possessing opposite
parities.

The energies as functions of | and 7 are shown in the
correlation diagram (Figure 3). It is seen that depending on

00 05 10 15 20

1z

Figure 3. Correlation diagram for the isolated cell representing the
square-planar d’—d*—d'—d'-tetramer calculated within the strong-U-
limit. Coloring of spin states is shown in the inset.

the relative values of J and 7 the ground state can be either
diamagnetic (S = 0) or paramagnetic with S = 1 (Table 2). For
the case of a relatively weak second-order double exchange
defined by inequality |JI/7 > 5/4, the ground state is an orbital
doublet with § = 1 having two components ID;, 2, 1, 1) and |
D,, 1, 2, 1). For 1/2 < lJl/t < §/4 (moderate second-order
double exchange), the ground state is a spin-singlet containing
equal contributions of the two localized states IDy, 1, 1, 0) and |
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Figure 4. Low-lying energy levels of the tetrameric square cell of d>—d*—d"'—d'-type calculated as functions of driver-cell polarizations P, with u =
250cm™, =40 cm !, and J = =10 cm™' (a), =15 em™" (b), =19 ecm™" (c), =20 cm™" (d), =30 cm™" (e), —40 cm™" (f), =50 cm™" (g), and —60
em™ (h). Here and in the subsequent two figures, the same coloring as in Figure 3 is used and the ground-state energy level is chosen as a reference

one.

D,, 1, 1, 0). Finally, for I]I/z < 1/2 (case of a strong second-
order double exchange), the ground state is the other spin-
singlet in which the two localized states ID,, 0, 0, 0) and ID,, 0,
0, 0) are present with equal weights.

3.5. Working Cell in the Field of the Driver Cell and
Spin-Switching. The eigenvalues of the Hamiltonian, eq 13,
as functions of the driver-cell polarization P, are given in Table
1. To rationalize the results, it is worth referring to the concept
of the group-theoretical assignation of the spin multiplets,”'
which provides us with the interrelation between the
eigenstates of the model t—J-Hamiltonian and exact terms of
the systems enumerated by the irreducible representations of
the point group and full spins. Here, we need only restricted
information from the group-theoretical assignation of the free
cell states that allows us to qualitatively distinguish the state of
the system according to their polarizability by the driver’s field.
For example, one can see (Table 1) that there are two S = 3

levels with (S5, S,4) = (1, 2) and (2, 1), which obviously form
the orbital doublet “E. Alternatively, one can find two spin-
singlets having opposite parities with respect to inversion as
states with S;3 = S,, =0and S;3=S,, = 1.

It is seen that the operator of the quadrupole field linearly
splits the orbital doublets into two components (e.g, the
orbital doublet “E is split into orbital singlets ID}, 2, 1, 3) and |
D,, 1, 2, 3)). This odd operator also mixes pairs of orbital
singlets (having different energies) of opposite parities giving
rise to a quadratic Stark effect provided that the second-order
double-exchange splitting considerably exceeds the Coulomb
energy gap 2ulP,| resulting from the cell—cell interaction. Thus,
one can distinguish two kinds of pairs of the levels: (1) the
pairs exhibiting the linear Stark effect and (2) those for which
this effect is quadratic. The levels exhibiting linear dependence
of uP, represent fully localized states arising from the two
components of the free cell orbital doublets, with each
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Figure 5. Low-lying energy levels of the tetrameric square cell of d>—d*
250 cm™, 7 =40 cm™}, and J = 0 (a) and —1 cm™" (b).

—d'—d"-type calculated as functions of driver-cell polarizations P, with u =

component having a definite electronic distribution. On the
contrary, the states whose energies depend on uP, nonlinearly
prove to be delocalized, and therefore the system in these
states has lower polarizability under the action of the driver
cell.

Now let us discuss the influence of the driver’s field on the
system in the three topical cases of the ground states listed in
Table 2 and shown in Figure 3, namely, spin-triplet and two
spin-singlets. First of all, let us note that the spin-triplet, which
is a ground state at weak or zero double exchange, should
exhibit strong linear Stark splitting (according to the above
discussion), while the two spin-singlets (the state with S;; = S,,
= 0 and that with Sj; = S,, = 1) demonstrate quadratic Stark
effect and hence undergo weaker stabilization by the intercell
Coulomb field. This means that the intercell Coulomb field
tends to stabilize the spin-triplet with respect to both these
spin-singlets. On the other hand, by comparing the two spin-
triplets, one can see that at P, = 0 the two states of opposite
parities having S;3 = S,, = 0 are separated by the larger double-
exchange energy gap of 67 than the corresponding two states
with Sj; = S,, = 1 (energy gap of 47). For this reason, the two
states of opposite parities with S;3 = S,, = 1 are stronger mixed
by the intercell Coulomb field than the two states having S,3 =
S,4 = 0, and hence such fields tend to stabilize the low-lying
spin-singlet with S;; = S,, = 1 with respect to the spin-singlet
possessing S5 = S, = 0.

Due to different polarizabilities of the above three spin-
states, one can expect that under some conditions the field
created by the polarized driver cell can induce switching
between these states. This expectation is confirmed by the
dependences of the energy levels of the working cell on the
polarization of the driver cell calculated at fixed values of the
second-order double exchange 7 = 40 cm™, intercell Coulomb
energy u = 250 cm”!, and different parameters | of HDVV
exchange. These dependences are shown in Figure 4a—h.

It is worth noting that the used values of the parameters 7
and ] prove to be of the same order of magnitude as the spin—
orbit coupling parameters for the metals of 3d series.
Nevertheless, as was mentioned, the present model of the
cell does not include the spin—orbit coupling, which is
assumed to be reduced by the low-symmetry crystal field.
Under this condition, the spin—orbit coupling in such systems
only acts as a second-order contribution, which plays quite an
insignificant role in the effects we discuss here.

Figure 4a shows the case of relatively strong double
exchange IJl/t = 1/4 when at P, = 0 the ground state is the
spin-singlet with S;3 = S,, = 0. It is seen that this state remains
the ground one even at extremely strong polarization of the
driver cell (i.e., at P, = +1) although the energy gap between
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this state and the excited states with S = 0 and 1 is diminished.
For weaker (the case of IJl/z = 3/8 in Figure 4b) but still
strong double exchange satisfying the inequality |JI/7 < 1/2, the
ground state of the free cell is the same spin-singlet with S; =
S,4 = 0 as that in Figure 4a, but the energy gap between this
state and the excited spin-singlet with S;; = S,, = 1 is strongly
reduced. Due to that, for a strong-enough Coulomb field (at P,
~ %0.7), the ground state undergoes switching from the spin-
singlet possessing S;3 = S,4 = 0 to the spin-singlet with S;3 =S,
= 1. It is also seen from Figure 4b that the excited spin-triplet
level approaches the ground spin-singlet level upon the
increase of the driver-cell polarization. This is because, as we
have mentioned above, the S = 1 state of the working cell
possesses a higher sensitivity to the Coulomb field induced by
the driver cell (linear Stark effect) as compared with the S = 0
state for which the Stark effect is quadratic. Further decrease of
the relative strength of double exchange (Figure 4c) leads to
the decrease of the critical value of the driver-cell polarization
required for switching between the two spin-singlet states and
also (at stronger driver-cell polarization) to spin-switching
from the spin-singlet with S;; = S,, = 1 to the spin-triplet,
which can be either the ID;, 2, 1, 1) or ID,,1, 2, 1) state
depending on the sign of P,.

Figure 4d shows the special case when IJl/z = 1/2
(borderline between the cases of strong and moderate double
exchange) for which at P, = 0 the two spin-singlets possess the
same energy and form the ground state that is an orbital
doublet with S = 0. The quadrupole field of the driver cell
splits this orbital doublet in such a way that the ground state
proves to be spin-singlet with S,3 = S,, = 1. Then, at P, & +0.6,
the cell undergoes spin-switching from the spin-singlet to the
spin doublet.

Subject to moderate double exchange, the Coulomb field of
the driver cell can induce only one switching event, which
occurs with the change of the spin from S=0 (S;; = S,,=1) to
S =1 (Figure 4e,f). By comparing Figure 4e,f, one can see that
the weaker is double exchange (larger ratio I]l/7), the narrower
is the range of P, for which the ground state is the spin-singlet,
until at I]l/7 = 5/4 (borderline between the cases of moderate
and weak double exchange) this range is reduced to the only
point (P, = 0) in which the ground state represents a
paramagnetic mixture of spin-singlet and spin-triplet. This
borderline case is shown in Figure 4g.

Finally, the case of weak double exchange is shown in Figure
4h. It is seen that the ground state is a spin-triplet for all values
of polarization of the driver cell, namely, at P, = 0 it is an
orbital doublet comprising two components ID}, 2, 1, 1) and |
D,, 1, 2, 1), while for P, # 0 it is one of the orbital singlets (|
Dy, 2,1, 1) or ID,, 1, 2, 1)) depending on the sign of P,.
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Figure 7. Cell—cell response functions for the tetrameric square cell of d>—d*—d'—d'-type calculated as functions of driver-cell polarizations P, with
u =250 cm™, 7 = 40 cm™’, and the following values of J: =1 cm™ (a), =10 cm™ (b), =15 ecm™ (c), =19 ecm™ (d), =20 ecm™" (e), =30 cm™" (f),

—40 cm™' (g), and =50 cm™" (h).

Up to now, we have discussed the cases when the ground
state of the working cell subjected by the electrostatic field
induced by the fully polarized driver cell (IP,| = 1) is one of the

spin states that can be the ground states also at zero field (P, =

25609

0). Now we will consider a special case when at large IP,| the
cell proves to be switched into the spin state that can never be
a ground state at P, = 0. This is a case of extremely strong (as

compared with the HDVV exchange) double exchange, which
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is illustrated for J = 0 (Figure Sa) and J = —1 cm™" (Figure Sb)
provided that 7 = —40 cm™". One can see that in such a case
the quadrupole field induces switching from the state with § =
0 to that having S = 3 (the latter state exhibits a linear Stark
effect). The appearance of the state with S = 3 as a ground
state at a strong quadrupole field proves to be possible due to
the fact that the energy spectrum of the fully polarized working
cell is in general different from the spectrum obtained in the
HDVV limit in which the ground state is always the spin-
triplet. This is because the quadrupole field only partially
reduces the second-order double exchange, namely, only the
terms mixing the electronic distributions D, and D, are
suppressed by the field, while the terms acting within each
electronic distribution remain unaffected. The latter terms lead
to the deviation of the energy spectrum of the cell in the strong
field limit from that produced by HDVV exchange only. As a
result, the fully polarized working cell is shown to possess the
ground state with S = 3 at |JI/7 < 1/4 and just this state is
stabilized by the field in the case of very strong second-order
double exchange (Figure Sa,b). The possibility to induce such
a strong change in the spin is quite attractive for designing
spin-switching devices.

In the above model calculations, we have fixed the intercell
Coulomb energy u, which is mainly determined by the
geometric factors (dimension of the square cell and the
intercell distance). This has allowed us to answer the question
on how the relative strength of the two electronic interactions
acting in the cell (second-order double exchange and HDVV
exchange) influences the features of the energy spectra and the
switching conditions. Now, let us briefly examine how the
intercell Coulomb energy affects the energy spectra of the
working cell, by plotting energy spectra of the working cell
evaluated with the same sets of 7 and ] values, as those in
Figure 4b,c, but with twice smaller u. The cases of smaller u are
shown in Figure 6a,b. It is seen that as distinguished from the
case shown in Figure 4b, in the case presented in Figure 6a, the
field created by the driver cell can only reduce the gap between
the ground spin-singlet with S;3 = S,, = 0 and the excited spin-
singlet with S;; = S,4 = 1, but it is too low (even at fully
polarized driver cell when P, = +1) to produce switching
between these two states. To induce such switching, one needs
stronger HDVV exchange (see Figure 6b), but unlike the case
shown in Figure 4c when the two switching events occur
(switching without the change of S at weak polarization of the
driver cell and spin-switching at strong such polarization),
Figure 6b evidences only switching between the two spin-
singlets. Indeed, it is seen that although the excited spin-triplet
is strongly stabilized the quadrupole field is not strong enough
(even provided that the driver cell is fully polarized) to make
this state the ground one. Again, to achieve spin-switching at
this value of the parameter u, the HDVV exchange should be
stronger than that in Figure 6b (this case is not shown in the
plot). Therefore, switching conditions are substantially
dependent on the strength of the intercell Coulomb field.

3.6. Cell-Cell Response Function. Under certain
interrelations between the parameters of the double exchange
and the HDVV exchange, one can observe crossover between
different spin states of the system that results also in a
considerable change of the electric polarizability of the cell.
Using the expression for the working cell, one can evaluate its
dependence of the induced polarization of the working cell P,
on the polarization of the driver cell P,, i.e., the cell—cell
response, which is a key characteristic of the molecular cell. To

describe these characteristics, we show in Figure 7a—h a series
of cell—cell response functions evaluated at different
parameters of the model. For the sake of simplicity, we will
focus on the case of the zero-temperature limit when the
working cell is in the ground state.

Figure 7a relates to the case of strong double exchange
essentially exceeding the HDVV exchange. In this case at P, =
0, the ground state is the spin-singlet and at some critical value
of P, the total spin changes from S = 0 to 3. This spin-
switching is accompanied by the discontinuous change of P,
which immediately reaches its saturation value +1 or —1
corresponding to the fully polarized working cell.

For weaker but still strong double exchange showing the
ground state at P, = 0 is the spin-singlet having S;; = S,, = 0
independent of P,, and this state shows a relatively weak
(quadratic at low field) Stark effect or, in other words, this
state is weakly sensitive to the field of the driver cell. As a
result, the cell—cell response curve shows a rather gradual
behavior (Figure 7b), which is an unfavorable condition for
successful functioning of the cell in QCA devices. Indeed, the
main requirement for the possibility to use a molecule as a cell
is the abrupt nonlinear cell—cell response function (see, for
example, refs 5 and 6) that is not evidently the case shown in
Figure 7b. It is worth noticing, however, that the case of strong
double exchange (as compared with the HDVV exchange)
cannot be regarded as a case fully excluding the ability of the
tetramer to work as an efficient cell. To clarify this point, in
Figure 8 we have shown three cell—cell response curves
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Figure 8. Cell—cell response functions for the tetrameric square cell
of d>~d*—d'—d'-type calculated as functions of driver-cell polar-
izations P, with u = 250 cm™" and the following three sets of /U and
J values, which keep the ratio ]l = 1/4: =40 cm™, J = =10 cm™
(curve 1); =20 cm™, J = =5 cm™ (curve 2); and 7 = 10 cm™, J =
—2.5 cm™! (curve 3).

evaluated at three different sets of 7 and ] values preserving at
the same time the relative strength of the double exchange and
HDVV exchange interactions corresponding to the case of
strong double exchange. The ratio |Jl/7 = 1/4 used in all cases
shown in Figure 8 is the same as in Figure 7b; moreover, curve
1 in Figure 8 is the same curve as that shown in Figure 7b.
The slope of the cell—cell response function strongly
depends on the interrelation between the values of 7 and J.
Actually, at smaller values of 7, the slope of the cell—cell
response function is larger and hence better performance of the
tetramer as a cell can be expected. One can thus conclude that
even in the case of strong double exchange the cluster can be
used as a cell, provided that the parameter 7 is smaller (or
comparable) than the Stark energy at weak polarization of the
driver cell. At smaller parameter 7 (but still satisfying the
condition of strong double exchange), the cell—cell response at
weak driver-cell polarization behaves as in the above-
considered case, but at some critical value of P,, it undergoes
a nonmonotonic (stepwise) increase (Figure 7¢c) correspond-
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ing to the change of the ground state from the spin-singlet with
S13 = Sy4 = 0 to the spin-singlet with S,3 = S,, = 1. The latter
(as has been discussed) is more sensitive to the field acting on
the working cell, and just this difference in the electric
polarizabilities of the two spin-singlets leads to the abrupt
change of P, shown in Figure 7c.

The case shown in Figure 7d is characterized by the widest
diversity of the ground states and corresponding electric
polarizabilities. As far as the inequality IJl/z < 1/2 related to
the case of strong double exchange is still satisfied, the ground
state of the working cell at weak polarization of the driver cell
is the spin-singlet with S;; = S,, = 0 and hence the function
P,(P,) in this range of P, values shows a gradual behavior (see
above Section 3). Then, at P, & 0.2, the cell—cell response
function undergoes the first stepwise change associated with
the change of the ground state, which occurs without the
change of S. Finally, at P, &~ +0.7, the second abrupt change of
P, occurs, which corresponds to spin-switching from the spin-
singlet with S;3 = S,4 = 1 to the spin-triplet. In course of this
second jump, the working cell becomes fully polarized.

Plots in Figure 7e—g relate to the case of moderate double
exchange in which at P, the ground state is the S = 0 state with
Si13 = Sy4 = 1, and at some critical value of P,, the total spin
changes to S = 1. As a result, |P)| changes abruptly to its
saturation value |P;| = 1.

From a comparison of Figure 6d—f, one can see that the
larger the []1/7 ratio is, the lower is the Coulomb field required
to cause the jump of P,. Finally, at weak double exchange
(Figure 7h), the ground state is a spin-triplet independent of
P,. Since this state is very sensitive to the intercell electrostatic
field (spin-triplet exhibits a linear Stark effect), even very weak
such fields lead to full polarization of the working cell.

In conclusion of the discussion of the cell—cell response
function, the following remark should be made concerning the
class of the QCA cell under consideration. The ability of the
cell to change its magnetization under cell—cell interactions
makes these systems somewhat similar to the magnetic QCA in
which the binary 0 and 1 are encoded in the two different spin
states of the cell (“spin-up” and “spin-down”). Note, however,
that the considered QCA still represents the charge-transfer
QCA rather than the magnetic QCA because (i) the charge
distributions (polarizations) rather than magnetization direc-
tions are used to encode binary information and (ii) the
intercell electrostatic field rather than the intercell magnetic
interactions (intercell exchange, etc.) is used as a driving force
causing the switching of the cell between 0 and 1. On the other
hand, as distinguished from the traditional charge-transfer
QCA composed of the two-electron square cells, the properties
of the multielectron charge-transfer QCA considered here are
essentially influenced by the involvement of the spin degrees of
freedom arising from the two magnetic intracell interactions,
which are the double exchange and the HDVV exchange. From
this point of view, the case of relatively strong double exchange
shown in Figures 7b and 8 when the spin-singlet with S,3 = S,,
= 0 remains the ground state of the working cell independent
of the polarization of the driver cell and the cell—cell response
function is monotonic can be regarded as a limiting case, when
the considered QCA behaves as a traditional charge-transfer
QCA in which only the charge degrees of freedom are in the
game.
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4. CONCLUSIONS

We have demonstrated that the multielectron MV molecules
exhibiting double exchange may be used to create functioning
cells for QCA. It has been shown that these systems can
provide additional functionality coming from the combined
exploration of spin degrees of freedom and double exchange,
such as spin-switching caused by the electric field of the driver
cel. We have analyzed the energy levels of isolated and
interacting square-planar cells represented by the MV
transition-metal tetramers of d*—d’—d'— d' type or similar
tetramers based on quantum dots and also the cell—cell
response in such systems.

It has been shown that the double exchange tends to
stabilize the spin-singlet ground state of the isolated cell. This
result seemingly contradicting the main concept of the double
exchange has been explained in terms of spin-polarization of
the spin-core system by the spin-singlet electronic pair. In
contrast, the antiferromagnetic HDVV exchange tends to
stabilize the spin-triplet of the system. In a topical case of large
intracell Coulomb gap U, the ground state of the free cell has
been shown to be either a spin-triplet or one of the two kinds
of spin-triplets with different extents of electron delocalization
depending on the relative strength of the HDVV exchange and
the second-order double exchange.

For interacting cells, it has been demonstrated that under
some conditions the electrostatic field induced by the polarized
driver cell can induce spin-switching between the different spin
states. The most pronounced spin-switching has been shown
to occur when the double exchange is extremely strong as
compared with the HDVV exchange. In the latter case, the
spin-switching leads to the change of S from S = 0 to 3. In
other cases, less-pronounced spin-switching from S = 0 to 1 has
been predicted. Also, switching between the two different spin-
singlets has been shown to be possible. In all of these cases, the
cell—cell response functions have been shown to behave
nonmonotonically due to the fact that different spin states
exhibit different polarizabilities with respect to the quadrupole
field induced by the driver cell. Finally, the possibility to
observe monotonic cell—cell response has also been indicated
for the cases of the field-independent ground state. In the latter
cases, the spin degrees of freedom can be ruled out from the
consideration and the behavior of the QCA considered here
proves to be quite similar to that reported earlier for more
traditional charge-transfer QCA composed of two-electron
square-planar cells.

Therefore, the above analysis has allowed us to go beyond
QCA based on cells in which the excess electrons are
delocalized over the diamagnetic (spinless) cores and to
propose the usage of multielectron MV molecules or
multielectron square arrays of quantum dots with competing
double exchange and HDVV exchange for the creation of QCA
cells. This is expected to considerably extend the class of
systems suitable for QCA design and to supply the QCA-based
devices with new useful functions, such as spin-switching.

To make the presentation clearer at this stage of the theory,
we have intentionally excluded from the consideration the
vibronic coupling, which is an important factor of the problem
of mixed valency (see refs 56 and 57). This is a conceptually
clear task but requires complex calculations. We plan to return
to this problem.

It is to be noted that the study carried out is limited by the
framework of a semiempirical model theory, which made it
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possible to formulate general results and relationships between
the parameters that are favorable for the functioning of QCA.
For further realization of the general concepts, we plan to
combine the model study with the computer design and ab
initio consideration of the perspective systems. Such a kind of
combined parametric/ab initio approach presented in ref 60
proved to be useful.

Finally, the interaction of the molecular system with the
environment and the consequent problem of heat release have
not been considered here. The last studies in this area®~%
give reliable tools for the estimation of the heat release in QCA
circuits. In this respect, the MV cells containing paramagnetic
cores should have essential peculiarities of relaxation that we
plan to consider elsewhere on the basis of the quantum-
mechanical solution presented in this article.
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