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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 entanglement 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, the following issues have been addressed in

the thesis:



1. 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.

2. The 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.

3. 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 entanglement, and the /;-norm of quantum coherence under the influence of an

external magnetic field have been examined.

4. 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-
tigation of quantum entanglement in low-dimensional magnetic systems featuring non-conserving
magnetization. The study focuses on Heisenberg spin dimers and trimers with differing Landeé
g-factors and exchange couplings. Thus, the main tool of enhancement and manipulation of the
entanglement is non-conserved magnetization or the magnetization operator, which does not com-
mute with the Hamiltonian. Non-conserving magnetization results in significant changes in the
magneto-thermal properties of the model. The most prominent difference can be observed in the
zero temperature magnetization curves, where the magnetization’s continuous dependence on the
magnetic field can be seen within the same eigenstate. Even minimal inhomogeneity in g-factors can
dramatically enhance entanglement. Furthermore, the work bridges theoretical modeling with ex-
perimental relevance by analyzing systems that correspond to real molecular nanomagnets, thereby
proposing practical strategies for magnetic control of quantum entanglement. This paves the way

for applications 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
Cr;Ni 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 Neps. This effect is robust; even small variations(g, > g;) between g, and g;
(349)o

result in a value of Ne3; ~ 6.7Ney; ° ~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; =J, > 0, these regimes are only possible when g, > g1,

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**Ni2*Cu?* molecular complex exhibits significant bipartite entanglement between the
Cu?* and Ni** magnetic ions, as well as considerable tripartite entanglement among all three
constituent Cu** and Ni?>™ magnetic 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).



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)S1S3 + (1= 7)515, +AS(S;) + De(S1S; = 5153) — B(g15] + £253) (1)

where S77° are the components of the spin-1/2 operator, g; 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



eigenvalues and eigenfunctions of the Hamiltonian, we have the following expressions:

JA 1
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g+ = g1 g.

From expressions we see that at g_ = 0, maximally entangled states ¥, , = %O T+ 4
)) are obtained and at g, = 0 the states W34 = %(! MY+ ). Proceeding from the fact that
the eigenvalues and eigenstates of the Hamiltonian are symmetric with respect to the sign of the
magnetic field, we will consider only positive fields. For antiferromagnetic interaction and positive
magnetic field, the system exhibits y; and/or y3 ground states. Let’s consider the dependence of
concurrence(C) on the magnetic field for several values of g,. Let’s fix the other parameters of the
systemas A=05,D=0.1,J=5, g, =1, y=0.5(Fig.1a). Then for negative g,, the system is in
a state ¥;. The approximate maximum value of entanglement is reached near the point B =0 and
decreases with the increasing magnetic field. For positive g, system exhibits ¥; — W5 transition
at some critical point. The maximum is reached before the transition when g, = 1, the transition

corresponds 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).
Here, for negative g, the transition W3 — ¥, takes place. The maximum is reached before it, when
g>» = —1. For positive g, the system is in a state ¥3. The decrease of g, corresponds to an increase
in the entanglement.

The Hamiltonian of a two-particle system with mixed spins, have following form:
H = J(S{p5 + Sitty +AS{us) +D(1%)? — B(g1§ + 82145), (3)

where $77° are the components of the spin-1/2 operator and ;" of the spin-1 operator. For

eigenfunctions of the Hamiltonian, we obtain the following expressions.

Y= |F4,Fl), WYa=Ci|-5 1D)FCTL0), Wse=CFli,-1)FC5|-1,0), (4)

+_ 1 JA—2D—2g B +_ 1 JA—2D+2¢ B
Cr= \/2(1 = \/(JA—ZD—ngB)Z—i-SJZ)’ © \/2(1 + \/(JA—20+2g,B)2+8J2)




go=15

0. Mg =2

BJJ

@ A=05,D=01,J=5,g,=1,y=05. (b) A=05D=0.1,7=5¢g=1,y=2.

Figure 1: The dependence of concurrence on the magnetic field

Note that the states W54 have the form | —1,1) 5 |3,0) under the condition g_ = 22274 and the

states Ws ¢ = |3, —1) F|—3,0) at g_ = 222 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 W . For positive g, , we have a

transition ¥4 — ¥;. The maximum value of entanglement for W, ¢ for given parameters corresponds
to the condition g, = 1+ % respectively.
In Fig. 2b at g, < —2.2 we have transitions ¥¢ — ¥, — ¥4 . When —2.2 < g, <0, the system is in
the state We. For positive g;, the transition W4 — W occurs. The maximum entanglement value for
¥, ¢ for given parameters is achieved at g, = 1+ 22, 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 = ing%w for the states W4 ¢, 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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(a)A=08,D=03,g =1,J=3. (b) A=08,D=03,g =1,J=-5.

Figure 2: The dependence of negativity on the magnetic field

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

The Hamiltonian of the model has the following form:
A =1 (8152 +$283) + 28183 — B (8155 + 255 + 8155) (5)

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

with two different g-factors, the magnetization operator does not commute with the Hamiltonian,
(M) =ilig— (ssh—s\s5+ 5585 —583), M =gisi+g55+8155, g =g —g&. (6)

However, S;,, = si +s5+ S5 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, J; =1, J, <0and J; <0, J, = 1.
Some eigenvectors did not change continuously under the conditions g; — g> and J; — J,. In the

case where g; = g and J; = J,, the corresponding eigenvectors are denoted as |y,)o. We have

b

a

C

0.4

0.3

0.2

0.1

—1. —0.5 0. H::': ll. 1.5 2 -1 =05 0. 05 1. 15 2. -1 =05 0. 05 1. 15 2

g2/ 91 92/ g2/m
1

g B

[

g2/ ¢

Figure 3: Density plots of negativity for the case of J; =J, > 0. Panels (a), (b) and (c) show the

values of Nejy, Neys and Nej3 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

11



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

The most efficiently non-conserving magnetization affects the entanglement of the system
spins in case of uniform antiferromagnetic couplings, J; = J, > 0. Possible ground states of the
model are |y1),|y3),|ws) and |yy). However, at uniform g-factors, g> = g1, |y3) and |yy) transform
into |y3)p and |yo)o. This fact is indicated in Fig. 3 by the yellow(in panels a,b,c) and green(in panel
d) lines separating |y3) and |yy) at g» = g;. It is obviously seen from density plots of the negativity,
that systems with g # g; exhibit much higher entanglement than their uniform counterpart, which
is manifested in the most straightforward way for Ne;; within the |y3) eigenstate. Magnetic field

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

0.5

Ne e | Ne 02 T e Ne |
777777777777777 - R 0.2
| o1
0. i 0. - i - 0.
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
gB/Jy 9B/ ) aB/J

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

corresponds 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
for the first and the third particles (panel (c)). The negativity curve for uniform g-factors has the
same form as Neys, two plateaus at 1/3 and {; (v/17 —3) ~ 0.07 corresponding to |ys) and degen-
erate superposition of |y3)o and |yg)o respectively. Negativity curve for g, = 3/2 (solid) has weak
magnetic field dependence within the |ys) eigenstate where it demonstrates slow growth starting
from 1/3 value, but transition to the |ys) eigenstate is accompanied with a jump to a constant value
Nej; = +/3/2 ~0.47 which is very close to maximal possible value, 1/2. This is the highest value of
negativity which can be achieved for the system under consideration. For the system with uniform

antiferromagnetic exchange couplings, J; = J, > 0, even an arbitrary small difference between g,

12



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, +(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, Nef\Bc = {/; ~ 0.63. Tripartite negativity is zero for |y3), which means that this
state is biseparable. Thus, in the case of g, > g, 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}zNi”(HZO)z] (Cl04)2.3H,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 46T, 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 (32-8 + 8p-8¢)+D($2) g B (5% + 5 +52).
(7)
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 S}, assigned to
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the Ni' ion respectively, with the antiferromagnetic coupling constant / > 0. The second term, D,
refers to the single-ion anisotropy of the Ni' ion. Finally, the last term is a standard Zeeman term,
where g and B represent the Landé g-factor and the static magnetic field for the z-axis and g is the
Bohr magneton. The Hamiltonian (7) can be solved analytically through the exact diagonalization
method and a full set of eigenvalues and eigenvectors can be obtained.

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

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

0.625 0.333 0.0974

Ny 0.5
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Figure 5: (a) The tripartite negativity N, (b) the bipartite negativity N,,, and (c) the bipartite neg-
ativity Nyc of the mixed spin-(1/2,1,1/2) Heisenberg trimer in the gugB/J —kgT /J plane by assuming
D/J = 0.05; (d) Temperature dependencies of the Ny, (€) Nap and (f) Ny for a few selected values

of the magnetic field and D/J = 0.05.

It can 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 N,,. and the bipartite negativity N, display their highest achievable values, N,,. = 0.625
and N, = 1/3, in a low-field region inherent to the singlet ground state |yg), whereas the maximum
of bipartite negativity Nac ~ 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 O and 0.5. The absence of a direct exchange interaction between the outer spins s,
and sc generally results in a lower value of the bipartite entanglement N, 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 Ny, 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 kg7 /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 Nac 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 2 1 and is rapidly suppressed upon increasing temperature terminating at
the threshold temperature kg7 /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 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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of the coupling constant J =22.8cm~! and the uniaxial single-ion anisotropy D = 0.05cm~!, two

distinct types of the quantum entanglement are identified in the molecular nanomagnet cu'Ni'cu".

() Star-shaped singlet state |yy) (subtype 2-2): At sufficiently low magnetic fields B < 22.8T,
the nonzero tripartite negativity Ny, quantifying entanglement among all three constituent
Cu''Ni"Cu" magnetic ions is accompanied with nonzero bipartite negativity Ny, = Ny between
Cu" and Ni' magnetic ions, whereas the bipartite negativity N,c between the two outer cu'
magnetic ions is zero. The corresponding singlet ground state |yy) 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 N, and the bipartite
negativities N,,, Ny, 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.

In addition, it is worthwhile to remark that the thermal state emergent in a rather narrow range
of temperatures 34K < 7 < 37K, where the tripartite negativity is Ny, Is nonzero even though all

bipartite negativities N,,, Npc, 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 positive g; there are a negative values of g,, at which

the system gets into a state with greater entanglement.

2. 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).

3. 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.

4. 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** 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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ApamsaH Mupaiip

HexoTopbie 3agaun HU3Kopa3MepHOro KBAaHTOBOro MarHeTu3mMa

B aaHHoIi guccepTaumoHHoii paboTe NnpeacTasBieH TLaTeNbHbI aHann3 CBOCTB KBAHTOBOM 3anyTaH-
HOCTW HU3KOpa3MepHbIX KBaHTOBbIX CUCTEM, HEKOTOPbIX Mofeneli MonekynApHbIX MarHutoB. B vact-
HocTU, B paboTe M3yyeHbl CBOWCTB 3anyTaHHOCTW CMMHOBbIX AUMepoB U TpumepoB. OCHOBHbIE
BbIBOJbl iNCCEPTAL MM KacatoTCA onpeneneHna ousnyecknx ycnoBuii, KOTopble COOTBETCTBYHOT OMNTH-
ManbHOMY 3anyTblBaHWIO, NccnefoBaHnA 3hPeKTOB HeCoXpaHALoLLEecA HamarHUYEHHOCTU U LeMOH-
CTpaLMmn noTeHuMana MaH1nyaMpoBaHUA KBaHTOBbIMU COCTOAHUAMM C UCNONb30BaHUEM MarHUTHbIX

noneit n Temnepatypbl. JTW pe3ynbTaTbl CMOCOOCTBYIOT NlyyLLEMY NMOHWMaHWUIO cpyHAaMEHTaNbHbIX
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OCHOB ¥ MOTEHLMaNnbHO pa3paboTKe KBAHTOBbIX TEXHONOMMIA, UCMONb3YIOLLMX MONEKYNAPHbIE Mar-

HUTbl (SMM) B KauecTBe HocuTENEN KBAHTOBbLIX COCTOAHMIA (KYyOMTOB, KYTPUTOB U T.4,.).

1. Bbbino nokasaHo, 4TO B CnNyyYae CNMHOBOrO AMMepa CO CMellaHHbIMK cnuHamn-(1/2,1) Bo3aeid-
cTBMe NtobbIX 3af,aHHbIX MapaMeTPOB CUCTEMbI MOKHO KOMMEHCHPOBAaTb HEKOTOPbIM MarHUTHbIM
nonem 1, Takum obpasom, NONY4YUTb MaKCUManbHOE BO3MOMXHOE 14 CUCTEMbI 3HAYEHWE 3anyTaH-
HocTu. B Habntogaembix ByX4aCTUYHbIX CUCTEMAX B Clyyae aHTMdeppoMarHUTHbIX B3aumogeii-
CTBMWIA NMPU NOBbILLEHUN 3HAYEHWNA MarHUTHOIO nona obe CUCTEMbl NEPEXOAAT B COCTOAHME C
MeHblLLUeli 3anyTaHHOCTbIo. [lnAa cheppomMarHUTHbIX B3avMOAENCTBUI NPU NONOKUTENBHOM g|
CYLLECTBYHOT HEKOTOPble OTpuLLaTeNbHble 3HAYEHUA g , MPU KOTOPbIX CUCTEMa NEPEXOuT B

cocTosHue ¢ bonbLueit 3anyTaHHOCTbHO.

2. PaccmoTpeHa mMojenb TpeyroabHOro CMMHOBOro TpUmepa co cMellaHHbIMu cnHamu (172, 1/2,
1). lna BCex OCHOBHbIX COCTOAHMIA CUCTEMbI ObINN NONyYeHbl aHAMTUYECKNE BblpaMeHna A
ABYX4aCTUYHOW M TpexyacTMYHO 3anyTaHHocTU. B cnyyae ogHopogHoro aHTudpeppomMarHuT-
HOro 06MeHHOro B3anmopeiicTBuA ObIno NokasaHo, YTO B NMPOLLECCE HaMarHWYMBaHWA (pasmar-
HUYMBAHWA) CMCTEMA NOCNEA0BATENbHO NPOXOAMT YepPe3 OCHOBHbIE COCTOAHUA C TPEMA pas3nny-
HbIMM peXMMaMy KBAHTOBOI 3anyTaHHOCTU: cenapabenbHOe COCTOAHME (cMcTemMa He 3anyTaHa),
NoYTH MaKkCUManbHO 3anyTaHHaA bucenapabenbHoe cocToAHME (3anyTaHHa ofHa Nnapa) U Makcu-
MasibHO TpexyacTUYHaA 3arnyTaHHOe COCTOAHME (BCe TpU YacTuLbl 3anyTaHbl). [1pu aTom npome-
}yTaHoe bucenapabenbHoe COCTOAHME BO3HMKAIOT UCKITHOUMTENBHO B CNy4ae HecoxpaHAtoLLeiica

HaMarHM4eHHOCTK (HeOJHOPOLHbIX MHOMMUTENel JlaHpe).

3. B pabote nokasaHHo, 4T0 3hpeKTUBHOE yrpaBneHne 3anyTaHHOCTbHO C MOMOLLLbHO MarHUTHbIX
noneii MoxeT 6bITb peann3oBaHO B MarHUTHbIX MONEKynax C HECOXpaHAoLLLeliCA HaMarHUYeH-
HOCTbtO. [NaBHOE OTNMYME MO CPABHEHMIO CO CNyYaem OJHOPOAHbIX MHOMMTENE JlaHfe 3aKknto-
yaeTcA B TOM, Y4TO 3anyTaHHOCTb B Mpegenax OAHOro U TOrO M€ OCHOBHOIO COCTOAHUA UMEET
HENnpepbIBHYIO 3aBUCUMOCTb OT MarHUTHOro nona. Kpome Toro, mofenu ¢ HEOQHOPOLHbLIMM
MHoMUTENAMM JlaHae co34at0T HOBbIE BO3MOMHOCTH ANA NONYYEHWUA CUIIbHO 3anyTaHHbIX cobc-

TBEHHbIX COCTOAHWIA.
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4. PaccmoTpeHa mMofenb CMHOBOIrO TpUMMEpPa CO CMeLLaHHbIMU cniHamu, (1/2,1,1/2) B nuHeiiHol
reomMeTpum, KotTopas ABAETCA TEOPETUYECKOIN MOAENbIO HEKOTOPbIX MONEKYNAPHbIX HAHOMArHe-
TKoB (Hanpumep, Cu?*Ni*TCu?*). AHanuTMYeCKNe N YNCIEHHBIE pacHEeTbl b NCMONb30BaHbI
ANA U3yYeHUsA pacrnpefeneHunii AByX4aCTUHHOM U TPEXHYACTUYHON 3amyTaHHOCTH, a TaKkMe
/1-HOpMbl KBaHTOBOI KOrepeHTHOCTU. Bbino nokasaHo, 4To paccMatpmBaemas cucTema fAeMOoHC-
TPUPYET 3HAYMTENBbHYHO 3aMyTaHHOCTb AaMe NPu OTHOCUTENBHO BbICOKUX TEMMNepaTypax v MarHuT-
HbIx nonax. MonekynapHoe coegunerne Cu>tNi?*Cu?t gemoHCTpupyeT 38e31006pasHyto 3any-
TaHHOCTb B cnabblx MarHUTHbIX nonax u W-obpasHyto 3anyTaHHOCTb B JOCTATOYHO CU/bHbIX
MarHuTHbIX nonax. Kpome Toro, pabota npefckasbiBaeT, YTO MONEKYNAPHbI HaHOMarHWUT
AOJKEH LEMOHCTPUPOBATH BbICOKYH) CTEMNEHb KBAHTOBOI KOr€pPEeHTHOCTM, KOTOpaA CoxpaHAeTcA

daixe Npu BbICOKMUX TEMNEPATYpax, HECMOTPA Ha 3Ha4NTENbHbIE TEN/IOBbIE cbnymyau,mm.
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