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GENERAL DESCRIPTION OF THE WORK

Relevance of the topic. Lattice spin models lie at the most fundamental microscopic de-
scription of the physical properties of magnetic materials. They are the models of localized magnetic
moments (spins), interacting with each other by a special kind of quantum interaction, the exchange
interaction. Interacting spin models with only a few (non-macroscopic) particles, which sometimes
are referred to as O-dimensional, can be separated from the general many-body models. The finite
spin clusters are realized in nature by a special class of magnetic materials, known as single-molecule
magnets (SMMs). The corresponding materials are molecular crystals with transitional metal ions
within the chemical structure of molecules.

Quantum entanglement, being one of the fundamental concepts of quantum physics, lies at
the basis of the physics behind the quantum technologies (in the basis of quantum computations,
communication, teleportation, and information processing ). In addition, entanglement enables re-
search advantages in the study of quantum phase transitions and collective phenomena in many-body
systems and condensed matter physics. Quantum spin models have been extensively investigated in
the context of quantum information processing due to the possibility of creating and manipulating
quantum entanglement between particular spins of the system, which carry the properties of qubits.

In the present thesis, several Heisenberg spin models are considered. Their quantum and
thermal entanglement features and the dependence of the entanglerﬁent measure, negativity, on
various physical parameters are studied. Particularly, the effects of Landé g-factors, as well as
temperature, external magnetic field, and exchange interaction constants, are examined. The main
goal of the present research is to figure out how non-conserving magnetization affects entanglement
measures like negativity.

The problem of creating entangled states for certain models of molecular magnets and
finding optimal parameters for controlling them using a magnetic field was also considered. The
relevance of the present thesis is based on the constructing SMM models and considering them as
objects of quantum technologies.

The aim of the thesis is to develop methods for enhancing and controlling the entanglement

in several models of molecular magnets. Particularly, Wg issues have been addressed irg
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Spin-1/2 completely anisotropic XYZ and XXZ mixed spin-(1/2,1) dimers with two different but
isotropic Landé g-factors were studied. The problem of optimization and manipulation of

quantum entanglement was theoretically solved.

I'he control and optimization problem of quantum entanglement in triangular-shaped Mixed
spin-(1/2,1/2,1) molecular magnet model by means of the magnetic field when g-factors of

spins are non-uniform was considered.

Basic quantum characteristics of the mixed spin-(1/2,1,1/2) Heisenberg trimer designed for
theoretical modeling of molecular nanomagnets such as the heterotrinuclear coordination
compound Cu''Ni'"Cu" in the presence of the external magnetic field was investigated. Distri-
butions of enfanglement, and the /;-norm of quantum coherence under the influence of an

external magnetic field have been examined.

Thermal, bipartite, and tripartite entanglements in mixed spin-(1/2,1,1/2) and mixed spin

(1/2,1/2,1) trimers have also been investigated.

Scientific novelty.

The scientific novelty of this work lies in its comprehensive and analytically rigorous inves-
on of quantum entanglement in low-dimensional magnetic systems featuring non-conserving
netization. The study focuses on Heisenberg spin dimers and trimers with differing Landé
tors and exchange couplings. Thus, the main tool of enhancement and manipulation of the
1glement is non-conserved magnetization or the magnetization operator, which does not com-
> with the Hamiltonian. Non-conserving magnetization results in significant changes in the
reto-thermal properties of the model. The most prominent difference can be observed in the
temperature magnetization curves, where the magnetization's continuous dependence on the
etic field can be seen within the same eigenstate. Even minimal inhomogeneity in g-factors can
atically enhance entanglement. Furthermore, the work bridges theoretical modeling with ex-
nental relevance by analyzing systems that correspond to real molecular nanomagnets, thereby
osing practical strategies for magnetic control of quantum entanglement. This paves the way

pplications in quantum information processing, particularly in the design of spin-based qubits

and quantum memory units based on single-molecule magnets.

Practical importance. Single molecular magnets (SMMs) have demonstrated significant
potential as building blocks for quantum technologies due to their inherent scalability, tunability,
and long coherence times. The unique properties exhibited by SMMs have led to their integration
into hybrid devices, emphasizing their quantum nature. By leveraging this approach, spintronic
molecular devices enable the manipulation and reading of spin states, facilitating the implementation
of quantum algorithms.

SMMs possess long coherence times, a crucial aspect for their application in quantum tech-
nologies. These extended coherence times allow for the execution of logical operations without
information loss before the completion of the process. Magnetic molecules collect all the essential

attributes required for qubits, namely:
« Well-defined states
« Long coherence times
« Initialization of the system in well-defined states
« Entanglement and/or superposition of states
» Read-out of the quantum states

They have been proposed as electron spin qubits due to the ease with which electronic spins can be
manipulated via external stimuli such as temperature, magnetic fields, or electromagnetic pulses.
The ability to chemically modify magnetic molecules’ structural and electronic characteristics en-
ables the proximity of two or more units with desired properties. This feature is crucial for con-
structing quantum gates necessary for implementing quantum operations. SMMs with switchable
linker between units have been proposed for quantum simulations, as exemplified theoretically by
Cr7Ni dimers modeling quantum gates.

The basic results to be defended are as follows:

1. In the mixed-spin dimer effects of any system parameter can be countered by applying an

appropriate magnetic field, which allows us to achieve the maximum possible entanglement.
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~ In antiferromagnetic dimers, increasing the magnetic field reduces entanglement. In contrast,
ferromagnetic systems exhibit more complex behavior: when g is positive, certain negative
values of g, cause the system to transition into a state with greater entanglement. This reveals a
significant property: entangled states can be realized in spin systems with purely ferromagnetic

interactions between particles.

The most significant impact of non-conserved magnetization was observed in situations with

uniform antiferromagnetic couplings (where J; = J, > 0) triangle system, leading to a substan-

tial increase in Neo3. This effect is robust; even small variations(go > g) between g> and g;
(3+9)o

result in a value of Ne3; ~ 6.7Nes; ° ~ 0.47, which is just six percent less than the maximal

possible value of negativity.

Three entanglement regimes (fully separable, biseparable, tripartite entangled) controllable
by a magnetic field is possible. For J; =/, > 0, these regimes are only possible when g, > g,

when magnetization is non-conserving.

For systems with non-uniform g-factors, the temperature range in which negativity remains
significantly non-zero is similar to that of uniform g-factor systems. However, a temperature
range with substantially higher entanglement emerges. High negativity between particles 1 and
3 persists almost until T/} = 0.2. Furthermore, in the case of ferromagnetic coupling constants
that are characterized by the complete absence of entangled states at positive g-factors, intro-
ducing negative g-factors creates entangled states at absolute zero and significantly extends

the temperature range where negativity differs from zero.

Cu’* Nt Cu®t molecular complex exhibits significant bipartite entanglement between the
Cu’* and Ni** magnetic ions, as well as considerable tripartite entanglement among all three

constituent Cu*t and N

magn.etic ions. This entanglement persists at relatively high tem-
peratures (up to 37 K) and strong magnetic fields (up to 46 T). In contrast, the bipartite
entanglement between the two outer Cu’' magnetic ions occurs only in moderate magnetic
fields (ranging from 23 T to 46 T) and disappears at a much lower threshold temperature

(approximately 14 K).
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7. The molecular compound offers an intriguing quantum resource, particularly when examining
the star-shaped state that emerges within the singlet state at low magnetic fields (B < 237') and
the W-like state found within the triplet state at moderately strong magnetic fields (237 < B <
46T). Additionally, we have theoretically predicted that the molecular nanomagnet exhibits
a high degree of quantum coherence, which persists even at elevated temperatures despite

significant thermal fluctuations.

Approbation of the work. The results of the thesis were reported at the conferences "The XIX
International Conference on Symmetry Methods in Physics” (Yerevan, 2024), "88th Annual Meeting
of the DPG and DPG Spring Meeting” (Regensburg, Germany, 2025) and have been discussed at
the seminars of the Chair of Theoretical Physics of Yerevan State University

Publications. Four papers were published on the topic of the thesis.

Structure of the thesis. The thesis consists of an Introduction, three Chapters, a Conclu-
sion and a bibliography. It contains 123 pages, including 38 figures.

CONTENT OF THE THESIS

In the Introduction, the topic’s relevance and motivation are discussed. Several general
statements are clarified, and key quantities are defined.

In Chapter 1 the spin-1/2 Heisenberg dimer, the mixed spin-(1/2,1) Heisenberg dimer and
their quantum entanglement were considered; particularly, the dependence of the entanglement
on the system characteristics and the external magnetic field. The quantum entanglement in this
chapter is determined using two different methods, namely ‘Negativity’ and ‘Concurrence’. The
dependence of the corresponding quantities on spins Landé g-factors, system anisotropy constants
and exchange constants is discussed.

For a spin-1/2 two-particle system, the Hamiltonian will have the following form:
H=J((1+7)S{S5+ (1 —7)S1S, + AS;S5) + D-(S{S, — $153) — B(2155 + 8253) (1)

where 57%° are the components of the spin-1/2 operator, g1 g» are Landé g-factors, respectively, of
the first and second particles, J is the exchange interaction between particles, A and y are constants

of Z and XY anisotropies respectively, the magnetic field B is directed along the z axis. For the



nvalues and eigenfunctions of the Hamiltonian, we have the following expressions:
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From expressions we see that at g_ = 0, maximally entangled states ¥, = %(l Qb
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A

re obtained and at g, = 0 the states W34 = %(| 1)+ 1)). Proceeding from the fact that
eigenvalues and eigenstates of the Hamiltonian are symmetric with respect to the sign of the
netic field, we will consider only positive fields. For antiferromagnetic interaction and positive
netic field, the system exhibits y; and/or y3 ground states. Let’s consider the dependence of
urrence(C) on the magnetic field for several values of g,. Let’s fix the other parameters of the
2mas A=0.5,D=0.1,J=5,g =1, y=0.5(Fig.1a). Then for negative g,, the system is in
ite ;. The approximate maximum value of entanglement is reached near the point B = 0 and
eases with the increasing magnetic field. For positive g,, system exhibits ¥ — W transition
ome critical point. The maximum is reached before the transition when g, = 1, the transition

esponds to a jump down, after which the entanglement decreases.

Let us consider another case of parameters: A=0.5, D=0.1,J=35, g; = 1, y=2(Fig.1b).
2, for negative g, the transition W3 — W, takes place. The maximum is reached before it, when
—1. For positive g>, the system is in a state W3. The decrease of g, corresponds to an increase
e entanglement.

Hamiltonian of a two-particle system with mixed spins, have following form:

H = J(S{15 + S} 15 + AS{415) + D(1°)* — B(g15 + g2115), 3)

X, 0,2

re S,"° are the components of the spin-1/2 operator and ;”* of the spin-1 operator. For

nfunctions of the Hamiltonian, we obtain the following expressions.
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Figure 1: The dependence of concurrence on the magnetic field
e 2D—JA
Note that the states W34 have the form | — %, F |%,0> under the condition g_ = %—, and the

states Ws ¢ = |1, —1) F| - 1,0) at g_ = A28, maximally entangled states.

Let us consider the dependence of entanglement(negativity, Ne) on several values of g, and the mag-
netic field at fixed values of the remaining parameters of the system. Let’s fix the other parameters
of the systemas A=0.8, D=0.3,g;=1,J=3. (Fig.2a)

In this case, for negative g, , the system is in the state Ws . For positive g> , we have a

transition ¥, — ;. The maximum value of entanglement for ¥, ¢ for given parameters corresponds
to the condition g» = 15 % respectively.
In Fig. 2b at g, < —2.2 we have transitions We — ¥, — ¥s . When —2.2 < g» < 0, the system is in
the state Wg. For positive g, the transition ¥4 — ¥; occurs. The maximum entanglement value for
W, ¢ for given parameters is achieved at g, = 1 & 23 respectively. With the given parameters, it is
possible to control the system using a magnetic field and achieve the maximum entanglement value
at the field B= i% for the states Wy 6, respectively.

In Chapter 2 a mixed spin trimer with two spin-1/2 and one spin-1 magnetic ions, with two
different exchange couplings and two different but isotropic Landé g-factors was considered. We

consider the case when an ion with spin 1 and one of the ions with spin 1/2 have g-factor equal to g
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Figure 2: The dependence of negativity on the magnetic field

the second spin-1/2 ion has g,. Also, the distribution of exchange couplings is a bit unusual, as
ume that one of the ions with spin-1/2 interacts with spin-1 and another spin-1/2 with the same
1ge constant, J;. The main reason for such configuration of the system is its highest possible
etry, facilitating the analytical finding of the Hamiltonian eigenvalues and eigenstates. For all
ties of interest analytical consideration is possible. The main focus is on how non-conserving
tization affects quantum and thermal entanglement. Our main finding is that inhomogeneous
ors for appropriate values of other parameters lead to énhancement of entanglement with
-t to the case when all spins are taken to have the same g-factors.

The Hamiltonian of the model has the following form:
Hoe—rly (s1s2+szS3)+J2s133—B(glszl +gzs§ +ng§) (5)

sa, a = 1,2, are spin-1/2 operators, and S5 stands for spin-1 operators. The exchange inter-
between all pairs of spins is supposed to be isotropic. Due to the presence of magnetic ions

vo different g-factors, the magnetization operator does not commute with the Hamiltonian,
[, M) = ihig— (sisy — 5|3+ 955~ 538}), MP=gisi+gs5+a155, g-=g1—8. (6)

er, Si, = si +s5+ 85 conserves. The Hamiltonian (5) of the system is diagonalized analyti-
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cally. Detailed analysis of the ground state properties, revealing several possible ground state phase
diagrams and magnetization profiles are presented. As the model under consideration has many
parameters and possesses a non-conserving magnetization operator, the variety of possible ground
state phase diagrams is quite large.

Without loss of generality one can consider five different types of ground state phase dia-
grams, given by the following conditions for the coupling constants: purely ferromagnetic, J; = —1,
J, < 0; purely antiferromagnetic with equal couplings, J; = J, = 1; purely antiferromagnetic with
non-equal couplings, J, > 0,J; > 0; two cases of mixed coupling, /1 =1, , <0and J; <0, /, = 1.
Some eigenvectors did not change continuously under the conditions g; — g» and Ji — J5. In the

case where g = g» and J; = J,, the corresponding eigenvectors are denoted as |y,)o. We have
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Figure 3: Density plots of negativity for the case of J; =J> > 0. Panels (a), (b) and (c) show the

values of Nejs, Neys and Nejs respectively.

obtained analytic expressions for the bipartite and tripartite negativity for the eigenstates of the

system under consideration. To demonstrate the overall picture of how quantum entanglement

1



es across the various eigenstates, we present density plots of bipartite and tripartite negativity
ted into the ground-state phase diagrams (Fig.3).

The most efficiently non-conserving magnetization affects the entanglement of the system
in case of uniform antiferromagnetic couplings, J; = J> > 0. Possible ground states of the
‘are |y1),|ws),|ws) and |yo). However, at uniform g-factors, g, = g1, |w3) and |yo) transform
13)0 and |Wo)o. This fact is indicated in Fig. 3 by the yellow(in panels a,b,c) and green(in panel
s separating |y3) and |ys) at go = g;. It is obviously seen from density plots of the negativity,
stems with g, # g; exhibit much higher entanglement than their uniform counterpart, which
ifested in the most straightforward way for Nejs within the |y3) eigenstate. Magnetic field

iour of negativity for both uniform and non-uniform g-factors cases is presented in Fig. 4.

0.5

Gl c

0.3
Ne
0.2

0.1
0.

 4: Negativity magnetic field dependence for the case J; =J> > 0. Panels (a), (b) and (c) show
Neys and Nejs respectively. In each panel solid line corresponds to g; = 3/2, dashed line

sponds to uniform-g case, g, = g1, and dot-dashed line represent g, = —1/2 case.

The most significant enhancement of entanglement due to non-uniform g-factors occurs
e first and the third particles (panel (c)). The negativity curve for uniform g-factors has the
form as Neys, two plateaus at 1/3 and £ (v/17 —3) ~ 0.07 corresponding to |s) and degen-
superposition of |y3)o and |y)o respectively. Negativity curve for g, = 3/2 (solid) has weak
etic field dependence within the |ys) eigenstate where it demonstrates slow growth starting
1/3 value, but transition to the | ys) eigenstate is accompanied with a jump to a constant value
- \/3/2 ~ 0.47 which is very close to maximal possible value, 1/2. This is the highest value of
vity which can be achieved for the system under consideration. For the system with uniform

rromagnetic exchange couplings, J; = J, > 0, even an arbitrary small difference between g>
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and g; brings to essential increase of negativity Nej3. At finite temperatures, this high degree of
quantum entanglement is maintained almost until 7/J = 0.2, before it begins to fade away while
remaining quite significant until 7/J = 0.2. After this, with a subsequent increase in temperature,
the negativity for a given pair of particles decreases to the level observed in the homogeneous case
at zero temperature, 1=(v/17—3). Interestingly, the |ys) eigenstate, which is the zero-field ground
state for arbitrary value of g»/g;, exhibits maximal three-particle entanglement at B= 0 and at the
segment g, = g1, Nedzo = f/; ~ 0.63. Tripartite negativity is zero for |y3), which means that this
state is biseparable. Thus, in the case of g, > g1, when magnetization is not conserved, it is possible
to create three significantly different entanglement regimes (fully separable, biseparable, tripartite
entangled) and control them by magnetic field.

In Chapter 3, key quantum characteristics of the mixed spin-(1/2,1,1/2) Heisenberg trimer
under the influence of an external magnetic field have investigated. Specifically, we analyze the
distributions of bipartite and tripartite entanglement quantified through the respective negativities,
and the /;-norm of coherence with the help of rigorous analytical and numerical methods. Our
findings suggest that the heterotrinuclear molecular nanomagnet [{Cu"L}z Ni''(H,0),](Cl04),.3H,0,
which represents an experimental realization of the mixed spin-(1/2,1,1/2) Heisenberg trimer, exhibits
a significant bipartite entanglement between Cu" and Ni'" magnetic ions along with robust tripartite
entanglement among all three constituent Cu"Ni'cu" magnetic ions. The significant bipartite and
tripartite entanglement persists even at relatively high temperatures up to 37K and magnetic fields
up to 46 T, whereby the coherence is maintained even at elevated temperatures. It is evidenced that
the aforementioned molecular complex with the magnetic core cu'Ni'"cu" provides an intriguing
quantum resource, which exhibits a star-shaped state within the singlet eigenstate at low magnetic
fields and W-like state within the triplet eigenstate at moderate magnetic fields. The model can be

described by the following Hamiltonian:

A=J (8a-8b+85-8c)+D (85) "~ gugB (52 + 5% + £2).

)

Here, the first term of the Hamiltonian (7) expresses the nearest-neighbor exchange interactions

between the spin operators §, and §. assigned to Cu" ions and the spin operator §}, assigned to
pin op 8 pin op: b g
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i jon respectively, with the antiferromagnetic coupling constant J > 0. The second term, D,
s to the single-ion anisotropy of the Ni" ion. Finally, the last term is a standard Zeeman term,
e g and B represent the Landé g-factor and the static magnetic field for the z-axis and pg is the
- magneton. The Hamiltonian (7) can be solved analytically through the exact diagonalization
od and a full set of eigenvalues and eigenvectors can be obtained.

-ovide a clear understanding of the thermal behavior of the mixed spin-(1/2,1,1/2) Heisenberg
or, the density plot of tripartite as well as bipartite negativities are depicted in Fig. 5(a)-(c)
he particular case with the fixed value of the uniaxial single-ion anisotropy D/J = 0.05. The
tion of a relatively weak easy-plane single-ion anisotropy for the results presented in Fig. 5 and

ibsequent figures is inspired by previous experimental findings for the compound cu"Ni"cu'.

ire 5: (a) The tripartite negativity Napc, (b) the bipartite negativity Nap, and (c) the bipartite neg-
ity Nac of the mixed spin-(1/2,1,1/2) Heisenberg trimer in the gugB/J —kgT /J plane by assuming
= 0.05; (d) Temperature dependencies of the Ny, (€) Nap and (f) Nac for a few selected values

he magnetic field and D/J = 0.05.

an be inferred from Figs. 5(b) and 5(c) that the bipartite negativities Ny, and Ny form at low
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enough temperatures plateaus quite similarly as the tripartite negativity N,,. does. The tripartite
negativity Ny, and the bipartite negativity N, display their highest achievable values, Nypc = 0.625
and Ny, =1/3,ina Iow-ﬁ;eld region inherent to the singlet ground state |yo), whereas the maximum
of bipartite negativity Njc = 0.0974 can be found at moderate magnetic fields supporting the triplet
ground state |ys). Generally, the maximum values of both bipartite negativities are restricted to
between 0 and 0.5. The absence of a direct exchange interaction between the outer spins sa
and s generally results in a lower value of the bipartite entanglement N,c compared to the Ny,
one assigned to directly interacting central and outer spins. A gradual vanishing of tripartite and
bipartite negativities is observed along the temperature axis in all three density plots shown in upper
panel.

The bottom panel in Fig. 5 demonstrates typical temperature dependencies of the tripartite
and bipartite negativities Napc, Nap and Ny for a few selected values of the magnetic field. A com-
mon property of all temperature dependencies of tripartite and bipartite negativities in Fig. 5(d)-(f)
is the gradual thermally-induced decline in the tripartite and bipartite entanglement. In Fig. 5(d)
the tripartite negativity starts from its highest value N, = 0.625 achieved at zero magnetic field
and vanishes at kgT /J =~ 1.15. As the magnetic field strengthens, the initial value of the tripartite
negativity gradually decreases, while the threshold temperature at which it becomes zero remains
unchanged. Contrary to this, the negativity N,c measuring the bipartite entanglement between the
outer spins is zero at low magnetic fields, but starts from the initial value N,c ~ 0.0974 at moderate
magnetic fields gugB/J > 1 and is rapidly suppressed upon increasing temperature terminating at
the threshold temperature kgT/J ~ 0.4 [see Fig. 5(f)]. The bipartite negativity N, follows trends
similar to those of the tripartite negativity N, when reaching a maximum initial value N, = 1/3 and
vanishing at the same threshold temperature kg7 /J ~ 1.1 [see Fig. 5(e)]. A less pronounced reen-
trance in the tripartite and bipartite entanglement can be found at magnetic fields slightly exceeding
the saturation value gugB/J = 2.5 due to thermal excitations towards higher-energy levels. Besides,
the peculiar changes in tripartite and bipartite entanglement observable around the magnetic fields
gugB/J ~ 1 and 2 can be again attributed to the relevant magnetic-field-driven phase transitions.
Bearing all this in mind, we may proceed to a systematic classification of the quantum entanglement

observed in the heterotrinuclear molecular complex Cu''Ni''Cu"". By considering specific values
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e ; ; i
e coupling constant J = 22.8 cm~! and the uniaxial single-ion anisotropy D = 0.05¢cm™", two

S ([T
ct types of the quantum entanglement are identified in the molecular nanomagnet Cu"Ni"Cu".

Star-shaped singlet state |yo) (subtype 2-2): At sufficiently low magnetic fields B < 22.8T,
the nonzero tripartite negativity Nayc quantifying entanglement among all three constituent
cuNi"cu" magnetic ions is accompanied with nonzero bipartite negativity Nap, = Ny between
cu' and Ni'" magnetic ions, whereas the bipartite negativity Nac between the two outer cu"
magnetic ions is zero. The corresponding singlet ground state |yo) thus belongs to the cate-

gory of star-shaped states.

“W-like triplet state |ys) (subtype 2-3): At moderate values of the magnetic field 22.8T <
B <45.6T, all entanglement measures including the tripartite negativity Nabc and the bipartite
negativities Nap, Noc, and Nac become nonzero indicating the quantum entanglement between
all three constituent Cu"Ni"Cu'" magnetic ions. The corresponding triplet ground state |ys)

can be accordingly categorized to W-like states.

ddition, it is worthwhile to remark that the thermal state emergent in a rather narrow range
mperatures 34K < 7 < 37K, where the tripartite negativity is Nypc is nonzero even though all

rtite negativities Nap, Ny, and Ny vanish, has signatures GHZ-like states (subtype 2-0).
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CONCLUSIONS

1. In the case of a mixed spin-(1/2,1) system, the effect of any given parameters of the system can

be compensated by magnetic field, and thus the maximal possible entanglement for the system
can be obtained. In the considered two-particle systems, in the case of an antiferromagnet,
increasing the magnetic field leads to the transition into a state with less entanglement for
both systems. For ferromagnets with a positi\'/e g1 there are a negative values of g, at which

the system gets into a state with greater entanglement.

. A model of a triangular mixed spin-(1/2, 1/2, 1) molecular magnet was studied. For all ground

states of the system analytical expressions for bipartite and tripartite entanglement were
found. In the case of homogeneous antiferromagnetic exchange interaction, three entan-
glement regimes controllable by a magnetic field was obtained: fully separable(the system is
not entangled), almost maximally entangled biseparable(only one pair is entangled), maximally
tripartite entangled (all three particles are entangled). The biseparable intermediate regime

is possibly only in the case of non-conserved magnetization (inhomogeneous Lande factors).

. Molecular magnets with non-conserved magnetization provide a more efficient means of ma-

nipulating quantum entanglement through magnetic fields. A key distinction from the uniform
g-case is the ability to have a continuous dependency of negativity on the magnetic field within

the same ground state, as well as the potential to achieve highly entangled eigenstates.

. We also investigated the mixed spin-(1/2,1,1/2) Heisenberg trimer in external magnetic fields,

designed for theoretical modeling of molecular nanomagnets such as Cu?*t Ni>*Cu?**. Through
extensive analytical and numerical calculations, we analyzed the distributions of bipartite and
tripartite entanglement, as well as the /;-norm of quantum coherence. The system exhibits
significant entanglement even at relatively high temperatures and magnetic fields. The molec-
ular compound Cu?*Ni?*Cu?* exhibits star-shaped entanglement in weak magnetic fields and
W-shaped entanglement in fairly strong magnetic fields. In addition, the work predicts that the
molecular nanomagnet should exhibit a high degree of quantum coherence that is maintained

even at high temperatures, despite significant thermal fluctuations.
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Uwnbtuwfununtpiniunid hitnwgnindwé Gu uwhtuwht nhdiputiph bW inphdbputiph fuéywéniejwu

hwwnynipniuubpp: <hduwlwu wpryntuptubpp ubpwnnd Bu owjinhdw) fubdywédnipinit uintindtnt
wwjdwuubph nuunwuwuppnidp, swwhwwuynn dwquhuwgywdnipjwut Eptlwnubtiph hbnwgnuni-
dp, dwqupuwlwt nwowntiph b gbpdwuinphtwup ogunwgnpddwdp pywtnwiht fuéywénipjwu

Yunwywnpdwu htwpwynpnipjwi gnigunpnidp: Wu wpryniuptbipp twywunnud G pwtnwghtu

wnbfuuninghwubph qupgqugdwup’ ogunwgnpdting dniGynyuwiht Jwguhutbpp (SMMs) npuybu

Yunnigywdpuwyht pinyubp:

1. 8nyg £ wpyti, np fuwnp uwht (1/2,1) hwdwlwpgh nbwpnd guwulwgwsé wwpwdbinph
wgntignpniup Yupnn E yndwybuuwgyt) dwquhuwlwi nwownny b winwhuny huwpwynpni-
pINLU tnwiny dtinp pipt hwdwlwnpgh hwdwp wnwybiwugnyu fuédywsdnipniu: FHunwpy-
Ywd Epydwuthluwup hwdwywpgbpnd wunp$bpndwquhuwlywi hnfuwgnbgnipjwi nbw-
pnd dwquhuwlwt nwgnh dedwgdwt dwdwuwl Gpynt hwdwlwpgbipu £ pdwtnwh
thnywiht wugnid Bu Yuwnwpnud wdbih ginpp fuédwdnigyudp ypdwlubph: buy $bpndwg-
upuwlwt thnfuwgnbignipjw ntwpnid, tpp dwuthlubph g; L go Lwunbh Swlnnpubpu
niubt hwlwnwl tpwubn, hwdwlwpgp hnyuhtu wugnd £ Yunwpned wybh 068 fubébyw-
Esanu‘Jdp Yhbwyh:

2. Munwfuwuhpyby b nwulyniuwdl fuwnp uwht (1/2, 1/2, 1) dnjynyuwhtu dwquhup dnnbp:
Cwdwlwpgh pninp hhduwlwu yhdwlubph hwdwp unwgyb) Gu Epydwuthy b Bnwdwuupy
fueGwdnipjwt wuwihunply nkuptipp: Cwdwubin wunh$bpndwquhuwlw hnfuwtwlwht
thnfuwgntignipjwt nbiupnud unwgyt £ dwquhuwlwi nwanny Yunwdunynn tintip fubtyuw-
Snipyjw ntidhdubin’ wdpnnenyht wugwwnbih (hwdwlwpgp fu66yws sk), gpbipt dwpuhdwy
fu66ywd biphwuowwnbih (Uhwju dby gqnygp fubyws), dwpuhdw) binwdwuthly fubbyws
(pninp Bpbip dwuuhYubipp fuéqws Gu): Gpywugwntifh dhowtljw) nkdhdu h hwywn E quihu
pwgwnwwbiu swywhwwuynn Jwquhuwgyuwdntpjwi ntiwpnud (wuhwdwubin Lwunbh gnpdw-
Uhgutin):

3. UWpluwwnwupnud gnyg £ ipdty, np fubdqwéniejwt funwdwpniwip dwquhuwlwi nwownbiph
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thongny wybith wpryntuwybun £ suwhwwuynn dwghuwgywsdnipjwdp Jwquhuwywu dnjb-
Ynyubipnud: Cwdwubin Lwunbh gnpdwlhgutiph nbwph hwtdwn hhduwywu wnwppbpnt-
pInLuL wyl £, np fusywdnpgniup unyt hhtuwlwt Yhdwynud niuh wuptnhwn Ywhuywdni-

pInLt dwquhuwlwt nwanhg: Pwgh wyn, wiuhwdwubn Lwunth gnpdwlhgutipny dnnbijubipp

unp htwpwynpnipniutibin Bu untindnud nidtin futédwd ubithwlw Yhéwlubph unwgdwl

hwdwn:

Nwnwuwuhpyby & fuwnp uwht (1/2,1,1/2) Enwdwutihy hwdwlwpgp wpinwpht dwghuwlwt

nwawnud, npp bwhuwnbudws k dnjynywiht bwundwguhuutiph (ophtwly’ Cu*"NiZ+Cu?t)

nbuwluwt dnntwynpdwt hwdwn: Ubwihnhl b pqwiht hwadwnplutinh dhgngny nwuntfuw-

uppyti bU bpydwuthywuh b bnwdwuthywuh fubGywsnipiwt pwtunidutinp, huswtiu bwl

pywtnwyht Ynhbipbuwnnyeyw ;-unpdp: Snyg b uipyty, np ugdwsd hwdwlwpgp gnigwpbpnud

£ qquuih [ut6ywdnip)ntt wugwd hwdbdwinwpwn pundp skpdwuwnhwttinh U dwquhuw-
Yuiti nupinbiph nbiwpnu: Cu?*Ni2*Cu* dnflniuiht dhwgnigjniup gwdn dwqubuwlwt

nugnbipnid gnigwptipnu £ wunnwal yhwlh fuéwsniein, huly pwywlwuwswth nidtin

Jwquhuwlwt nuanbpnud W-al yhéwlh bnudwutihl fubédwdnupiniu: Fugh wyn, wituw -

wnwpnud uwfuwwnbuynid £, np dnisynyuwht bwundwquhup whwnp Enpulinph pywtnwihu

nhbpbuwnyejwl pwpdp wunhbwl, npp wwhwwuynw £ unyuhuly pupdp obipdwuwnhbw-
ubipnud' suwywd qquih gbipdwiht nwwnwunwiubphu:

Apamsan Mupaiip

HeKOTOPbIe 3a/a4u HU3KOpPasMepHOro KBaHTOBOIo MarHeTusma

1HOM AMCCEpTaLMOHHOI paboTe NpeAcTaBNeH TLIATENbHBIN aHaNU3 CBOWCTB KBAHTOBOI 3aryTaH-
1 HU3KOPA3MEPHBIX KBAHTOBbIX CUCTEM, HEKOTOPBIX MOfENE MONEKYNAPHBIX MarHuToB. B yact-
M, B paboTe M3yYeHbl CBOWCTB 3amyTaHHOCTM CTIMHOBbIX AVMEPOB W Tpumepos. OcHoBHbie
Ab! AUCCEPTALMN KACAIOTCA OMPeaeneHus iU3NIEcKUX yCnoBUid, KOTOPbIE COOTBETCTBYIOT OMTY-
HOMY 3aMyTbIBAHUIO, UCCTEN0BaHNA S(HHEKTOB HECOXPAHAOLLIEICA HAMArHUYEHHOCTU U IEMOH-
LMW NOTEHLMaNa MaHUMyNMPOBAHNUA KBAHTOBBIMM COCTOAHUAMM C UCTONb30BAHMEM MArHUTHBIX

il 1 TemnepaTypbl. DTN pesynbTaTbl CNOCOBCTBYIOT NyHLLEMY MOHMMAHUIO (YHAAMEHTaIbHbIX
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OCHOB U HOTeHLLMaﬂbHOVl pa3pa60TKe KBaHTOBbIX TeXHOﬂOI'VlVI, MCNONb3YHOLLNX MONEKYNIAPHbIE Mar-

HUTbl (SMM) B KayecTBe HocuTeneli KBaHTOBbIX COCTOAHMI (KYOUTOB, KyTPUTOB U T.4,.).

1. Bbino nokasaHo, 4To B Cly4ae CNUHOBOIO AyMepa CO CMeLLaHHbIMK cniHamu-(1/2,1) Bozaeii-

CTBME N1H0ObIX 33/1aHHbIX NAPAMETPOB CUCTEMbI MOXXHO KOMMEHCHPOBATL HEKOTOPBIM MarHUTHBIM
nosnem 1, Takum 06pazom, NoaYHMTL MaKCUMAaIbHOE BO3MOXKHOE /1A CUCTEMbI 3Ha4EHME 3anyTaH-
HocTu. B HabnrofaemMbix ABYXHACTUYHbIX CUCTEMAX B Cly4ae aHTUePPOMArHUTHbIX B3auMopeli-
CTBWIA NPU MOBbILLEHNN 3HAYEHWUA MArHUTHOTO MoNA 0be CUCTEMbI NEPEXOAAT B COCTOAHMUE C
MeHbLLEel 3anyTaHHOCTbIO. [lnAa cheppomarHUTHbIX B3aUMOAENCTBUIA NPU MONOKUTENBHOM g|
CYLLLECTBYHOT HEKOTOPbIE OTPULIATENbHbLIE 3HAYEHMA g> , MPU KOTOPbIX CUCTEMA MEPEXOAUT B

cocToAHME ¢ bonbluei 3anyTaHHOCTbIO.

. Paccmotpena mopenb TpeyrofbHOro CrmMHOBOro TpuMepa co cMellaHHbiMu cnvHamu (1/2, 1/2,

1). [ina Bcex OCHOBHbIX COCTOAHMIA CUCTEMBI ObInv MOMYYeHbl aHANUTUYECKME BblpaXeHUA Ana
ABYXHACTUYHOIA 1 TPEXHACTUYHOI 3amyTaHHOCTW. B cnyyae ofHOPOAHOro aHTUeppOMarHUT-
HOro 06MEHHOr 0 B3auMopeicTBnA bbIo NOKa3aHo, YTO B MPOLLECCE HaMarHUYMBaHWA (pa3mar-
HUYMBaHUA) CUCTEMA MOC/E0BATENbHO MPOXOAUT Yepes OCHOBHbBIE COCTOAHWUA C TPEMA Pasimny-
HbIMM1 PEXMMAMN KBAHTOBOI 3amnyTaHHOCTU: cenapabenbHoe COCTOAHME (CUCTeMa He 3anyTaHay),
MOYTW MaKCMMaNbHO 3anyTaHHaA bucenapabenbHoe COCTOAHME (3anyTaHHa OfHa napa) 1 MaKcu-
MaslbHO Tpex1acTUiHas 3aryTaHHOE COCTOAHKE (BCe TPY YacTULLbl 3anyTaHbl). [1pu aTom npome-
KyTaHoe bucenapabenbHoe COCTOAHKE BO3HUKAKOT UCKIOUUTENBHO B CyYae HeCOXpaHAoLLLeiica

HaMarHU4eHHOCTN (HBOJJ,HOPOAHbIX MHOXUTENEN ﬂaHp,e).

. B pabore nokasanno, 4to acpchekTueHoe ynpasneHue 3anyTaHHOCTLIO C MOMOLLbHO MarHUTHbIX

nonein moxer ObiTh peannsoBaHo B MarHUTHbIX MOJIEKYynax C HeCOXpaHﬂI'OLLLeVICFl HamarHnu4yeH-
HOCTLIO. [NaeHoe othnvmne no CpaBHEHWIO CO Cny4aem OAHOPOAHBIX MHOXUTENEN ﬂaHp.e 3aKJo-
HaeTCA B TOM, 4TO 3anyTaHHOCTb B rnpepenax ogHoro U Toro »e OCHOBHOIMO COCTOAHWA UMEET
HEMpPEpPbLIBHYHD 3aBUCUMOCTb OT MarHUTHOro nosns. Kpome TOro, moaenn ¢ HeogHoOpPOAHbIMN
MHOXUTENAMU J'laHp.e CO34at0T HOBbIE BO3MOXKHOCTU A1A NOMYYEHUA CUIbHO 3anyTaHHbIX cobc-

TBEHHbIX COCTOAHWIA.
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PaccMoTpeHa Mofient CMHOBOrO TPUMEPa CO CMelliaHHbIMM crivkamy, (1/2,1,1/2) B nueiinoii

reoMeTpun, KoTopas ABAETCA Teopemqecr(oﬁ MOAENbI0 HEKOTOPbIX MONEKYNAPHbLIX HAHOMAarHe-

TUKOB (Hanpumep, Cu®+tNi>+Cu?+t). AHanuTUyecKMe 1 YNCHEHHbIE pacyeTbl Gbin UCMONb30BaHbI

ANIA U3yYEHUA PacripeneneHmii [BYyXHaCTUUHOM U TPEXHacTMUHOI 3anyTaHHOCTH, a TaKke
[;-HOPMbI KBaHTOBO KOTEPEHTHOCTU. BbiN1o MOKa3aHo, YTO paccmaTpUBaemasn CUCTEMA AEMOHC-
TPUPYET 3HAUUTENBHYHO 3aMYTaHHOCTb fIAXKE MPU OTHOCUTENBHO BLICOKMX TEMMEPATyPax 1 MarHuT-
HbIx nonaAx. MonexynapHoe coeguHerme Cu?Ni*"Cu?" geMoHCTpUpyeT 38e37000pasHyto 3any-
TAHHOCTb B CNabbIX MarHUTHbIX Nonax 1 W-06pasHyto 3amyTaHHOCTb B OCTATOYHO CU/bHBIX
MarHuTHBIX monax. Kpome Toro, paboTa MpefckasblBaeT, YTO MONEKyNAPHbIA HaHOMarHuT
[LONeH 1EMOHCTPMPOBATh BbICOKYHO CTeMeHb KBaHTOBOI KOrepeHTHOCTY, KOTOPaA COXPaHAETCA

[laxke Npu BbICOKMX TEMMNEPATYpaAX, HECMOTPA Ha 3HAYUTENbHbLIE TEMIOBbIE dsnymyau,ww.




